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EFFECTIVE LENGTH FRAMED COLUMNS 


FOREWORD 


The papers that form the ASCE-CRC Symposium Metal Compression 
Members are representative all phases Column Research Council ac- 
tivities. Several papers represent summaries both past and current re- 
search, prepared specifically assist the preparation the “Guide 
Design Criteria for Metal Compression Members.” Also included are reports 
recently completed research pony truss bridges and plate girders. 

the first paper, (January, 1960), Johnston documented the incep- 
tion the CRC and the many activities undertaken the Council. 


SYNOPSIS 


The assumption many structural specifications that the effective length 
columns equal the actual length may extremely conservative 
some cases and very hazardous others. Framed columns may have effec- 
tive lengths even approaching infinite multiple the actual length, depend- 
ing the end restraints. 

This paper reviews the current state knowledge relating effective 
lengths, leading from the rigorous, though laborious, procedures the de- 
velopment rational approximations using formulae, charts and nomograms, 
which, together with proper classification type action, permit rapid 
selection the proper effective length for design. 


open until June 1960. Separate Discussions should submitted 
for the individual papers this symposium. extend the closing date one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
the copyrighted Journal the Structural Division, Proceedings the American So- 
ciety Civil Engineers, Vol. 86, No. February, 1960. 

Parnter, Praeger-Kavanagh, Engrs. New York, 
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February, 1960 
INTRODUCTION 


order design column, structural engineer must know its effective 
length,” or, what equivalent thereto, the type and magnitude end condi- 
tions restraints the column. Elementary theory teaches that pin-ended 
column has effective length equal its actual length, but, theoretically 
least, possible for the effective length columns vary anywhere 
infinite multiple the actual column 

The Column Research Council has undertaken the past years 
gather and consolidate the work many investigators this subject includ- 
ing, besides the Friedrich Bleich, 
Julian(18) and others whom full acknowledgment made. The results, 
the form satisfactory and simple approximations, furnish rational basis 
for inclusion specifications provisions for the determination the 
proper effective length framed columns, and will represent marked im- 
provement over existing codes. 


FUNDAMENTAL CONSIDERATIONS 


Compression Member with End Restraints.—The behavior compres- 
sion member, which practice isalmost always part structural frame- 
work, determined the several restraints imposed the framework 
upon the ends that perhaps fortunate that one thus able 
focus attention designing the member upon the individual compression 
member itself with its so-called “end conditions” imposed the framework, 
since characteristic normal design procedure concentrate the 
design individual members rather than the total framework itself. Even 
where analysis, rather than design, involved (as rating given column 
bridge for permissible load) convenient deal with the individual 
column and its restraints than consider the framework whole. 

Rigorous methods calculating the stability compression members 
which are part rigid jointed frameworks are available and have been 
checked tests (1) through (18). These methods involve the application 
any the classical modern techniques indeterminate analysis, modified 
take account the effect axial loads and plastic action the stiffness 
rigidity the member. These procedures are far too complex for, and 
are not directly applicable to, routine design except through the equivalence 
these procedures the determination approximation end restraints 
the component members the framework. 

End Restraints.—These end restraints are various types, may occur 
several directions and may also vary magnitude the axial loads the 
framework change. The restraints themselves may flexural torsional 
restraints, comprising rotational restraint rigidity offered the frame- 
work against the angular rotation the ends the compression member 
either all the three normal planes each end. Or, the restraints may 
translational, sometimes denoted “directional,” involving resistance 
the framework against linear movement (“deflection” “translation”) the 


Numerals parentheses, thus (1), refer corresponding itemsin the Bibliography. 
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ends the compression member three normal directions each end. The 
numerical magnitude the restraints, the corresponding con- 
stants” (measured typical units foot-pounds per radian, pounds 
per inch respectively), need not (and actually are not) constants, but vary 
with loads. The variation further complicated non-linear stress-strain 
relations the plastic range. 

Engineers familiar with moment distribution will recognize that flexural 
restraint against rotation one end compression member offered 
adjacent member the same plane the the stiffness the adja- 
cent member. The absolute value this the elastic range (where axial 
load exists the restraining member) known be: 


for the far end fixed, and 


for the far end pinned (Fig. 1). 


FIG. 
modify for plastic action and the effects axial load (tension 


compression) the restraining member, these values (1) become, respec- 
tively: 


and 


where the tangent modulus elasticity, and and are stiffness fac- 
tors taken from Fig. 2(26) from extended tabular 

Engineers working with moment distribution rectangular frames are 
also familiar with the concept that translational restraint offered mem- 
ber against horizontal movement its end (when axial leads are present) 
has either the following values limiting translational stiffness that 
member (Fig. 3): 


(3a) 
for the end fixed, and 


for the end pinned. 
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modify for plastic action and the effects axial load (tension com- 
pression) the member, these become, respectively: 


and 


where the absolute value the load the member, and S'' andC are 
stiffness and carry-over factors taken from Fig. from the correspond- 
ing published tabular 


1.6 1.6 


Tension far end 


1.0 1.0 — (7 d 
pinne 
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Simplification the stability the compression 
member has beenconsidered terms member general space frame- 
work, convenient break down the structure into plane frameworks and 
consider the buckling the member terms its buckling within the 
plane the main framework which part (such main bridge 
truss), and again buckling normal the main framework (sometimes 
spoken “out the plane”) such that which takes place the plane 
the horizontal bracing bridge truss. 

Types Buckling.—The compression member ina plane framework may 
follows: 


That which translational rigidity the ends the member 
great that little translation takes place. (This type action usually 
found truss frameworks.) 


ae 
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That which both translation and rotation the ends the member 
are possible. (This type action usually found open rectangular rigid 
frames.) 

That which rotational rigidity the ends the member great 
that little rotation takes place. (An example rectangular rigid 
frame with extremely heavy stiff upper horizontal cross member.) This 
type buckling usually grouped with b), leaving two simple general cate- 
gories: buckling with rotation only; and buckling with rotation and/or trans- 
lation. 


classification the type buckling extremely important design 
compression members, because the presence translation (sideway) has 
major effect for certain types frameworks (non-triangular). 

Limitations.—The treatment which follows applies steel, aluminum al- 
loys, and other structural metals. certain instances, notably with struc- 
tural steel, important simplifications are possible because the relatively 
rapid transition between elastic and plastic action, and these will cited 
they occur. 


FIG. 


The writer will confine his remarks such frameworks where axial-load 
effects predominate. Engineers familiar with stability problems will recog- 
nize this treatment the solution indeterminate type system 
energy methods other analytic procedures leading system linear 
simultaneous equations, the vanishing the determinant which furnishes 
the stability criterion; convergence methods, such moment distribu- 
tion relaxation, which stability tested simple physical concept. 

The effects primary secondary bending moments already present 
many frameworks the instant the system passes from stable unstable 
equilibrium are omitted this discussion. general these problems differ 
from the previous that the concept stress criterion for stability 
introduced. 

The treatment which follows applies the buckling compression mem- 
bers which are straight, homogeneous and constant cross section. 

Effective Length.—The end restraints compression member length 
once calculated approximated magnitude, determine the value the 
effective length used the design column formula. example 
such design formula the generalized Euler formula: 
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which the critical buckling load, represents the critical buck- 
ling average stress, the effective modulus (tangent modulus), denotes 
the moment inertia the cross section the member, the radius 


FIG. 


gyration the cross section the member, represents the length the 
member, and the factor which length must multiplied ob- 
tain the reduced length. For certain theoretical end conditions, (Fig. 
shown and may used immediately. 

For actual columns structures wherein infinite rigidity corresponding 
fixed ends, zero rigidity corresponding hinges, complete freedom 


translate corresponding free end, and are not encountered, the k-values 
may vary between greater than any those shown Fig. ex- 
ample, rigid frame with hinged bases, shown Fig. the value 
may actually approach infinity the flexural rigidity the horizontal mem- 
ber decreases toward zero. Thus, actual structures necessary ap- 
ply procedure for determining more line with the actual magnitudes and 
types restraints existing. 
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FRAMED COLUMNS 


The effective-length factor (k) may determined from the solution the 
appropriate equation’ for the buckling compression member with known 


end restraints, provided the magnitude these restraintsis known can 
approximated. 


Buckling compression member with known rotational restraints 
ends, but with translation (Fig. 6): 
(6) 


which and are rotational restraints (foot-lbs per radian) ends 
and respectively; the absolute rotational stiffness the member, far 


FIG. 
end fixed. translation either end (Eq. 2); and represents the absolute 
rotational stiffness member, far end pinned. translation either end 
(Eq. 2). Both and are trigonometric functions the per Eqs. 
and 

Buckling compression member with known rotational and transla- 
tional restraints both ends. (The translational restraints may replaced 
equivalent one end only.) 

The same equation (Eq. applies, with the exception that and are 
replaced more complex expressions and K"', representing rotational 
the member with far end fixed and pinned, respectively, but 


FIG. 


with the near end translationally restrained linear spring stiffness 
lbs. per in., follows (Fig. 7), 


These equations are well known variety forms, all derivable from the funda- 
mental equation flexure, 


dx? 
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Eqs. and the carry-over factor from previous charts. 

Approximation End Restraints.—The investigations the writer and 
others indicate that the end restraints compression members frames 
the type (a) without translation (such trusses) can approximated satis- 
factorily and without impairing either the safety economy the structure 
considering each compression member restrained rotationally only the 
“adjacent” tension and minor compression members coming into its end. 
Thus, bridge truss, top chord compression member may considered 
restrained rotationally the diagonal and vertical members coming into its 
ends, and the far ends the adjacent members considered pinned, 
conservative result will achieved. Such approximation thus neglects the 
effects restraining members far removed from the compression member 
and which extension the St. Venant principle have small effect the 
member. Such so-called “three-bay groups” with the compression member 
the central bay, form the basis for approximation end rotational restraints 
where translation involved. 

Where two highly stressed compressive members and BC, 
Fig. are restrained common restraining member BE, the restraint 
should divided design between the two compressive members. 


FIG. 


analysis, the proration the restraint cannot made arbitrarily, but would 
such produce critical loads simultaneously the two compression 

Chart Solutions.—The solution equations the type Eq. for the 
buckling columns with rotational restraints structures type (a), pre- 
viously defined, greatly simplified the use charts and nomograms, 
many which have been prepared for this purpose. Fig. typical illus- 
tration. 

very convenient simplification the solution Eq. also possible 
use the following approximation Newmark for end fixity from the known 
rotational restraints, the error being less than 4%. 


which I/L) (10a) 


and and are end rotational restraints. 
graphical solution for the buckling compression member elastically 
restrained both rotational and translational restraints structures type 
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(b) defined above has been developed general this buckling 
conditionis difficult simplify and generalize graphical form 
specific types structures, such rigid frames. Solutions for various types 
such structures will therefore given greater detail later point 
this paper. 

Recapitulation.—The treatment thus far has been perfectly general, and 
while quite satisfactory for analytical purposes, perhaps too involved for 
specification use except broad basis. must understood that 
the Euler formula, and equations the form Eq. and covering the 
buckling elastically restrained members, both identical. 
Eq. and however, one deals directly with the numerical value the 


k=0.5 


restraints, and although the length factor enters through substitution its 
value from Eq. the fundamental need for evaluation and its subse- 
quent use Eq. for design has been obviated, since the procedure thus 
far presented the design takes place part the solution for Eq. All 
axial loads considered these equations are ultimate loads and the analysis 
becomes one ultimate rather than working loads. 

general, therefore, and particularly since designers are accustomed and 


will continue work with column formulas containing terms, appears 


preferable utilize alternate procedures which give specific values for for 
certain classes members and configurations, for later use with such 
column formula. 
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FRAMEWORKS WITH LITTLE TRANSLATION JOINTS 


triangulated truss frameworks, loads are usually applied the joints 
themselves, producing axial loads the members the joints are hinged. 
Deflections the members normal their line action are relatively small 
and are due the axial deformations the members under load. the joints 
are rigidly connected, welding using heavily riveted gusset plates, 
some secondary bending induced. The effect these secondary distortions 
the buckling the truss framework usually small and may neglected 
the buckling analysis. This materially simplifies the problem, which thus 
reduces that column elastically restrained against rotation both 
ends. 

Chords Trusses.—The most simple, though conservative, recommenda- 
tion that can made with respect compression chords truss frame- 
works that the effective length each member against buckling within the 
place the truss taken the theoretical length (distance between panel 
points); that is, 

Such generalization disregards the restraints offered web members 
the adjacent compression chord members. For trusses with fixed live 
loading (such roof trusses), the neglect the restraint offered adjacent 
compression chord members each other justifiable because all such 
members would approach their buckling load simultaneously the loads are 


increased, and are therefore incapable offering restraint. For trusses with 
moving live loads (such bridge trusses), such justification may not 
strictly valid for all truss configurations; nevertheless, for the usual patterns 
trusses there sufficient similarity loading producing maximum chord 
stresses all chords warrant acceptance this generalization. 

The simplifications can also applied the determination ef- 
fective length chords against buckling normal the truss, and where the 
chord becomes component of, say, upper horizontal bracing truss sys- 
tem. Where bracing system lacking, thecase with Pony trusses, the 
above approximations not apply, and resort must taken procedures 
considering the buckling the upper chord continuous column elastic 
lateral supports. 

Web restraints tension diagonals and compression chords 
disregarded, compression diagonals may considered flexurally re- 
strained against buckling the plane the truss adjacent lower (tension) 
chord members (Fig. 11), yielding tabular k(Table based 
certain simplifying 

more general and conservative approximation resulting from the above 
that web members designed for reduced length equal 0.8 times 
the actual length. 

For the case crossed diagonal members trusses (Fig. 12), the values 
Table for the effective-length factor may employed. 
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more general approximation the values Table use reduced 
length equal 0.5 times the actual length the diagonals. 

For the case the vertical web members K-trusses (Fig. 13), with 
buckling perpendicular the plane the truss, the approximations (shown 

Effects Materials, Factor Safety, 
teria are markedly affected the type material involved and the vary- 


ing requirements set the specifications regarding factors safety against 
failure. 


With material having well defined yield point, such structural steel, 
there marked and rapid deterioration the effective modulus the 
region the yield point, beyond which attains the value zero. Asa re- 
sult this, both compression members and tension members lose their 
ability offer restraints other compression members, and the effective 
length factor the latter reduced unity. 

further fact that the deterioration the effective modulus struc- 
tural steel great for columns with slenderness ratios less than about 


TABLE 1.—WEB-MEMBER TABLE 2.—CROSSED-DIAGONALS 
APPROXIMATIONS FOR APPROXIMATIONS FOR 


that the critical buckling load for fixed column only about one two per 
cent different from that with pinned ends (assuming translation). Thus, the 
introduction k-values has little any practical effect the design these 
columns Similar remarks apply low alloy and silicon steels. 
The difference buckling loads steel columns for the pinned and fixed end 


| 
0.437 
0.457 
0.463 
0.467 
0.471 
0.474 
0.478 


conditions increases steadily the slenderness ratio rises from 125, 
which latter point the fixed-ended column load may approach 100% more 
than that the pin-ended column. Thus the use k-values results appre- 
ciable economy truss steel design for this slenderness ratio range. 

All the foregoing remarks apply only the column without translation, 
since translation has significant effect even for lower slenderness ratios. 

With materials, like aluminum and magnesium alloys, the reduction 
large the yield stress approached but still remains finite, and the 
adjacent members retain some increase capacity for offering restraints 


FIG. 


even high loads. Thus with such small slenderness ratios 50, there 
sizeable difference between the buckling load the pinned and fixed column, 
and the use the proper k-value may have significant effect for even these 
low slenderness ratios. 

With most steel specifications higher allowable stress provided 
tension than compression, expressing the need for higher factors safety 
for the latter type action. Since tension members (if designed only this 
criterion) would reach their yield point long before the compression mem- 
bers, the major restraints offered the tension members disappear. Under 


TABLE 3.—k-VALUES 
FOR k-TRUSS WEBS 


conditions where, for example, factors safety the range 1.7 tension 
and 2.2 compression are employed, appears desirable design all mem- 
bers for unless there incorporated the restraining 
excess area for other reasons than meet the stress needs (that is, 
minimum L/r requirements, inability secure commercial sizes exactly 
equal those theoretically needed, etc.) 

Some generalizations are possible for the case design for moving loads 
steel assuming uniform live and dead loadings. Assuming factors 
safety 2.25 compression and 1.83 tension, may shown that when 


0.73 
Tens 
1.0 0.50 


the dead load zero, only those web members within the middle six-tenths 
the span can possibly have end restraints from the tensile chords; and that 
this range decreases with increasing dead load until the dead load reaches 
about 1.68 times the live load, beyond which point the tensile chords can 
counted upon offer restraints all. 

then apparent that for steel roof trusses and possibly some lightly 
loaded highway trusses quite possible that very little any restraints 
will offered the tension chords the web members, even part-span 
loadings, with present factors safety, unless over-design resorted to. 

Along the same lines while compression chords offer restraints web 
members part-span loadings, such restraints alone are not sufficient 
reduce the k-values beyond 0.88 with present factors safety. combination 
with considerable tensile restraint would necessary bring the values 
down the 0.8 value given above suggested Bleich for web-member 
design. 


FRAMEWORKS WITH TRANSLATION JOINTS 


Where translation joints, (that is, sideway lateral movement) pos- 
sible, the case rigid frames, the effective length columns may 
generally larger than the actual length the columns (Fig. 5). 


FIG. 


Similarly, where free-standing columns occur, such those supporting 
out-door crane runway girders and similar structures, k-value has 
been previously noted appropriate. has been further noted Fig. that, 
theoretically, for some types frameworks possible for the columns 
approach infinite effective length, although can hardly said that such 
types structure are practical nature. 

Direct Application Eq. for Column with End Restraints. —Eq. cov- 
ering the buckling load column with end rotational and translational re- 
straints, can applied for certain simple cases where the end restraints 
may readily determined approximated. Thus Fig. 14, the column 
translational stiffness and can conservatively stated though the 
tops were pinned, and added together, yield translational restraint; simi- 
larly, the rotational stiffness could estimated conservatively that 
with end pinned; the resultant k-value from the charts would conserva- 
tive all cases. Similarly, the cases Fig. are simply solved Eq. 

For design purposes, however, the foregoing types loading conditions 
usually are not critical, because all the columns may simultaneously 
under high stress, and the effects the axial load would diminish their trans- 
lational stiffness. Thus for the usual design purposes the analysis Eq. 
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cumbersome and more appropriate stipulation would designate critical 
design k’s for specific and common structural frames and loadings. These 
are covered below. 

The solutions(8) shown Figs. 16, 17, and may resorted for the 
determination k-values for the specific rigid-jointed frame loadings indi- 
cated. 

Multi-Story Building Frames.—The two-story symmetrical rectangular 
frame Fig. included here representative the type approach 
followed early classical investigators toward the general problem 
multi-story building frame stability, that constant column axial loads and 
constant stiffnesses beams and columns were assumed all stories. 


Held against translation, 

Free translate, 


FIG. 


Since these conditions not exist real structures, such basis for analy- 
sis design not realistic but value mainly providing some indica- 
tion the effect the number bays stories the structure. 

Bleich(8), following these assumptions, developed the series curves 
shown Fig. for the variation effective length vs. the ratio column 
beam stiffnesses, for multi-story frame stories each height 
and with infinite number equal bays laterally (Fig. 20). Each curve ap- 
proaches asymptotically value indicating that the building column 
approaches cantilever stories height the beam decreases 
toward zero. 


ab 
if 
0.1 0.2 0.5 1.0 5.0 
2.00 2.03 2.07 2.17 2.33 3.38 


Free translate, 1.030 


Held against sway, 


Free sway, 
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FIG. 


Puwein(26) followed similar procedure. general, this assumed 
unit rectangular frame having equal columns and equal beams, free sway 
shown Fig. 21. Using the rotational stiffness criterion for stability 
the upper left (namely, that when the frame the point buckling, 
the sum the rotational the two heavily scored members 
zero), one writes immediately: 


This same result obtained from the general equation (Eq. for column 
under known rotational and translational restraints its ends. 
Puwein also derived curves similar those Fig. 19, and went further 


Value of k 


1.6 


Value 
Kom 


FIG. 


develop approximations thereof for design. Based the solution for in- 
finite number stories, suggested for design: 


Another investigator, proposed for multi-story frame- 
works stories: 


Very recently, Sahmel(28) has reinvestigated and extended the Puwein 
procedure, deriving formulae specifically applicable two-and-three-bay 
frames with varying number stories. 

Approximation formulas similar those the above investigators are 
found the buckling specifications use Germany and Austria. 
interest note that the German specifications incorporate arbitrary correc- 
tion factors for when all columns are not fully loaded. Thus, two- 
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FRAMED COLUMNS 


column bent, one column which heavily loaded and the other 
P,/P. 

practical design standpoint the above types formulas are not 
realistic themselves since they yield single k-value for all the col- 
umns the framework, due the assumption constant loads and moments 
inertia all columns. important step forward was made Puwein who 
suggested that the formulae applied story story, utilizing 
values which are average those the upper and lower end each col- 
umn each story (since the equations were based upon equal restraints 
both ends). this manner, Eqs. become workable design tools. 

The last word the refinement these concepts with relation the ef- 
fective length columns multi-story frames, has recently been developed 


Julian and Lawrence(18 who have introduced improvements the follow- 
ing respects: 


Accuracy has been increased taking account differing rotational 


restraints top and bottom columns (instead assuming these equal, 
has heretofore been done). 
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FIG, 


Elimination the approximations inherent curve-fitting formulae 
such Eqs. and 13, incorporating the exact solution Eq. for 
column restrained both rotationally and translationally, into the form 
nomogram rather simple form (Fig. 22). 

clearly establishing procedural rules, satisfactory solution for all 
practical end conditions has been incorporated. 


The nomograms, known the charts, were developed these in- 
vestigators for incorporation the revised Boston Building Code. 

The development Julian and Lawrence assumes symmetrical rectan- 
gular frames, with all columns loaded capacity. The ratio column 
beam stiffness the top any column (Fig. 21) designated Ga, while 
that the bottom designated Gp. solving Eq. for sidesway, which 
one obtains for the case sidesway: 
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FRAMED COLUMNS 


Eq. was used plot the second nomograph (Fig. 22(b)). The first nomo- 
graph (Fig. 22a) covers the case frame with sidesway prevented, and was 
derived similar manner using Eq. 

For the special case where the sidesway condition, Eq. re- 
duces the same form given Eq. used earlier investigators. 

For end conditions, Julian and Lawrence suggest that taken equal 
infinity for hinged ends, for columns supported but not rigidly con- 
nected footing foundation. Where rigid attachment footing pro- 
vided, suggested 2.0, but smaller values may used justified 
analysis. 

The charts have been tested many numerical examples and found 
yield results extremely close the theoretical values. Their use, therefore, 
should encouraged practical designers. 

Arbitrary fixed and length coefficients for certain classes columns, 
such are set the British Standards(23), may too conservative for 
practical design. Overestimating 2.0 instead its true value 1.5, for 
example, would imply overdesign 78%. The British Standards coef- 
ficients omit important cases where may greater than and thus may 
lead under-design such cases. 

general, the simplifications this paper offer means determining 
rationally satisfactory reduced length for most practical configurations, 
which will not only result safe designs but may materially improve the 
economy the structure. 
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DESIGN PRESSURE FOR REACTOR CONTAINMENT VESSEL 


John 


SYNOPSIS 
The basis for selection the magnitude the reactor accident against 
which the containment vessel must provide protection discussed anda 
limiting accident analyzed. numerical example shown and gen- 


eralized curves are included, 


INTRODUCTION 


Containment vessels are placed around water-cooled power reactors 
final barrier the uncontrolled release fission products, which could con- 
ceivably result from severe reactor accident. While necessary con- 
sider severe accidents the design containment vessels should noted 
that the precautions taken design and operation make acontainment-requir- 
ing accident very remote. 

large amount thermal energy released and/or generated acon- 
tainment-requiring reactor accident and there isno certain method isola- 
ting the radioactive fission products, (both generally the case, present) the 
containment vessel must also withstand the effects this energy release 
generation. One the most obvious effects the rise internal pressure 
the containment vessel. 

The factors governing this pressure rise and moderated re- 
actors are analyzed herein and method presented for calculating the enclo- 
sure pressures which could result from reactor primary coolant system 


ad? 


Note.—Discussion open until July 1960. extend the closing date one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
the copyrighted Journal the Structural Division, Proceedings the American So- 
ciety Civil Engineers, Vol. 86, No. February, 1960. 
Presented the May 1959 ASCE Convention Cleveland, 
Atomic Power Equipment Department, General Electric Company, San Jose, Cali- 
fornia. 
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rupture accident. The design the containment vessel limited the most 
severe accident for which required design and only the major 
accidents which will considered. 


THE PRESSURE-VOLUME RELATIONSHIP 


Mechanism Pressure Rise.—Since most water-cooled reactors operate 
high pressures, primary system rupture any significant size would re- 
lease liquid and/or vapor very rapid rate. Initially, the air around the 
break would displaced the escaping liquid and vapor. Mixing air and 
vapor would follow with the two tending toward thermal equilibrium 
with each other. Some energy would probably transferred the air and 
vapor from the hot vessel primary piping and some energy would absorbed 
cooler structural masses and equipment (including the containment-vessel 
wall). Any energy generated chemical nuclear processes would re- 
leased either during after the accident. The peak internal pressure 
given enclosure may subjected the result the following competing 
rates energy transfer into and out the media within the enclosure: 


Rate energy release from the reactor vessel; 


Rate heat transfer and from structural and equipment masses 
the enclosure; and 


Rate and timing additional energy generation (chemical 


Rate Energy Release.—The rate energy release froma primary system 
rupture would function the size, location, and geometry the break, 
the initial condition the primary fluid, and the pressure into which the fluid 
discharges. For given reactor and plant design the initial primary coolant 
conditions are confined toa relatively small range. The normal internal 
enclosure pressure usually approximately atmospheric level. 

break high elevation the system would more likely permit 
partial vaporization liquid within the vessel with the resulting discharge 
liquid-vapor mixture. rupture near the bottom ofthe primary system would 
result discharge mixture which would primarily liquid. The equili- 
bration the liquid would probably occur mostly outside the reactor vessel 
primary system. the latter case the discharge rate per unit area break 
would higher. Rupture line connecting the reactor and steam drum 
heat exchanger could permit the discharge from both sides the break 
were complete severance. smooth rounded hole, such that resulting 
from the severance vessel inlet pipe near nozzle into the vessel, could 
have higher discharge coefficient than jagged square-edge break. 

Perhaps the most difficult determination that the maximum break size. 
For pipe break, obviously, there maximum flow area, but ofa 
vessel difficult select the largest size primary system break which must 
considered containment design. should emphasized that the pre- 
cautions taken reactor and plant design and operation make any 
requiring accident extremely remote. When considering cases this degree 
remoteness quite difficult assess the ‘relative remoteness” other 
occurrences which could have effect the accident. 
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One method avoiding this problem assume, has been done sub- 
sequently, that energy transferred into out the liquid, vapor, gas 
during the process equilibration. This makes the value peak pressure in- 
dependent the discharge rate from the rupture. 

Heat Transfer During Pressure Rise.—With weight rates flow break 
the region 1,000 10,000 per sec per flow area, the elapsed 
time between system rupture and peak pressure could, the worst cases, con- 
ceivably the order sec less. The inherent peak-pressure-re- 
duction capability normal plant design could negligibly small over this 
period time. Moreover some considerable masses metal are tempera- 
tures above the final equilibrium temperature within the enclosure. Unless 
there special equipment designed reduce the pressure peak, question- 
able that any significant credit can taken for this effect any accident in- 
volving large system rupture. Conversely any significant heat 
hot vessel walls fuel during the pressure rise seems unlikely. 

Additional Energy Contributions .—Should the accident accompanied 
nuclear excursion there would additional energy present inthe system which 
could raise the peak pressure. similar effect could produced any chem- 
ical reaction such metal-water reaction. chemical reaction occurring 
after loss water, for example, would probably not affect the first pressure 
peak but might cause second peak whose magnitude would again governed 
the relative rates energy transfer out the thermodynamic media 
within the enclosure, 

Dynamic conceivable that avery rapidor nearly instantaneous 
rupture could generate pressure waves which could result enclosure pres- 
sures above those equilibrium. This caused 
extremely rapid and large rupture which wouldseem unlikely 
vessel and primary system which the steel generally the temperature 
range where any failure would ductile type. Moreover the primary 
system usually surrounded shielding material which would attenuate and 
partially contain any shock waves which might generated. 

Analytical can seen that rigorous analysis including all 
the possible variations mechanisms and sequences would atremendously 
involved undertaking and when completed might not necessarily offer the degree 
assurance required that the calculated peak pressure would not exceeded 
actual accident. One way avoiding the uncertainty balancing the var- 
ious energy transfer rates against each other 
assumption that the equilibration liquid, vapor, and air (with themselves) 
accomplished the complete absence any energy losses. Any additional 
energy contributions which were concurrent with the rupture would 
This would result conservative value pressures. Follow- 
ing the peak pressure, energy losses could included the analysis well 
any delayed energy contributions. Any secondary pressure peaks could thus 
calculated. 

necessary examine any secondary pressure peaks establish 
their relative the first peak. One type accident which could 
possibly produce secondary pressure peak higher than the initial peak pre- 
dicted the model, would rupture accident followed delayed metal- 
water reaction with all the energy being added only the airandvapor. Inthis 
case the absence heat absorption vaporization water could make the 
pressure-producing effect the energy greater than the case where water 


4 
4 
4 
3 
ig 
; 
i) 
| 
a 


vaporized. The presence massive shielding around the reactor greatly 
reduces the rate which any subsequently generated heat transferred 
the air and vapor. Because this and the difficulty getting any significant 
metal-water reaction, the model chosen believed conservative. 


ANALYSIS THE PRESSURE-VOLUME RELATIONSHIP 


The following analyzes the specific situation rupture accident which 
assumed that: 


Equilibration liquid, vapor, and air (with themselves) occurs adiabati- 
cally with respect structural masses within the enclosure; 


additional energy contributions are made after initial equilibration; 
There are significant dynamic effects; and 
Air follows the perfect-gas relation and has constant heat capacity. 


Air low temperatures follows the perfect-gas relation the amount 
air the enclosure, 


Pal 


which and are the initial air pressure and temperature within the 
enclosure, represents the gas constant, and the enclosure free 
volume. The free volume taken that volume into which the air and 
water vapor are free expand. moisture considered, the 
partial pressure the moisture, and the moisture, May 
found from assumed value initial relative humidity, 


which the saturation pressure for water vapor the chosen ambient 
air temperature, and may found steam tables. The total internal en- 
closure pressure, which probably very close atmospheric pressure 
equal the sum the air and water vapor partial pressures, the initial 
air pressure, given 


Assuming that the moisture behaves though were perfect gas, the weight 
moisture initially the air, 
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CONTAINMENT VESSEL 


which 


alternate method, the initial moisture specific volume, may evaluated 


where assumed, Eq. and the specific volume saturated 
vapor the initial ambient temperature, After the accident and 
thermal equilibrium, both air and water vapor occupy that portion the en- 
closure and reactor vessel volume not filled with liquid water and the total in- 
ternal enclosure pressure the sum the two partial pressures. follows 
then that the sum the liquid and vapor volumes equal the combined vol- 
umes thereactorvessel and the enclosure free volume: 


which the total amount liquid and vapor (if any) within the primary 
system before the accident. That portion the original contents the pri- 
mary system, which vapor equilibrium after theaccidentisx. There 
physical difference the terminal condition, between moisture which was 
originally the air, and that portion the primary system water which 
vapor upon equilibration, Wy. Solving Eq. for the vaporized portion 
the primary system water, gives the following: 


the primary system fluid whatever proportions the liquid and vapor may 
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The initial primary fluid specific volume, and initial enclosure moisture 
specific volume are functions the assumed conditions before the accident. 
The terminal specific volumes and are functions the condi- 
tions existing after the accident. The ratioof enclosure free volume primary 
system volume, design variable. 

Since this idealized equivalent actual thermodynamic process non- 
flow, constant-volume process, the energy balance written 


which the total internal energy the media before the accident, 
denoted the corresponding value after release and equilibration the primary 
water, and the net energy contribution the system from nuclear and/or 
chemical, heat generation, any. Breaking down and into their com- 
ponent parts, Eq. may written 


Note that the equivalent specific internal energy the entire primary 


system fluid whatever proportions the liquid and vapor may mixed. 
Rearranging and substituting 


Using (from Eq. 1), and taking the original amount energy 
the primary fluid 


Eq. may written 
+xf 


Note that Eq. applies long the amount heat added does not exceed 
that which would cause vaporization all the primary water; this usually 
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the case. The volume occupied air after the accident very nearly equal 
that before 


Eq. neglects the slight increase air volume resulting from the vaporiza- 
tion some the circulating water. Assuming thermal equilibrium, the ter- 
minal air temperature, equal saturation temperature correspond- 
ing the vapor pressure within the enclosure after the accident. in- 
ternal pressure, 


which the vapor partial pressure after equilibration. 

After initial conditions have been assumed and value placed the net 
energy contribution, there are five variables: 

Final vapor pressure, 

Final air pressure, 

Final total enclosure pressure, and 

Vaporized portion the primary fluid, 


There are five functional relationships: 


(a) Eq. terms the final vapor pressure temperatureT 
(through the steam-table values vf2, 


(b) Eq. 14, terms the final vapor pressure and temperature, 
Tag (through steam table values and 


(c) Eq. 15, final air pressure terms final air temperature, 


(d) Steam tables, vapor partial pressure terms vapor tempera- 
ture, and 


(e) 16, total enclosure pressure terms air and vapor partial 
pressures. 


Because the nature the equations and functional relationship provided 
steam tables, explicit solution for and not possible. necessary 
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the proper value Eqs. and yield internal enclosure 
pressure. 

order generalize the analysis somewhat, Eq. and are arranged 
use the ratio enclosure free volume primary system volume, 
For given initial conditions and net energy contribution, curve en- 
closure pressure, and function can plotted. 

The results this analysis are shown Figs. and assuming that 
entire primary system filled with saturated liquid. The internal enclosure 
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FIG. 1.—ENCLOSURE PEAK PRESSURE FOLLOWING PRIMARY SYSTEM RUPTURE, 


pressure shown function initial primary system coolant conditions, 
the ratio enclosure free volume primary system volume, and 
the ratio net energy contribution initial internal energy, For 
given initial primary coolant condition the plot enclosure pressure, 
against volume ratio, nearly linear logarithmic grid and, 
expected, the relationship inverse one. 
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INFLUENCE THE PRESSURE-VOLUME RELATIONSHIP 
ENCLOSURE DESIGN 


Generally design criterion states that the enclosure design pressure must 
equal exceed that peak pressure which could result from accident 
given The enclosure designer has then certain latitude balancing 
enclosure free volume against design pressure. largecontainment vessels 
code restrictions and fabrication limitations may limit the acceptable range 


1000 


INITIAL CONDITIONS 


PRIMARY SYSTEM 
INITIAL PRIMARY ALL SATURATED LIQUID 
WATER PRESSURE (PSIA) ENCLOSURE 


AMBIENT PSIA 
AMBIENT TEMPERATURE 
200 100° 
RELATIVE HUMIDITY 


500 


ENCLOSURE TOTAL PRESSURE AFTER EQUILIBRATION, (PSIG) 


RATIO ENCLOSURE FREE VOLUME PRIMARY SYSTEM 


FIG, PEAK PRESSURE FOLLOWING PRIMARY SYSTEM RUPTURE, 
0.5 


volume and pressure values. Within these limitations the choice enclosure 
size may primarily economic one. 


FUTURE DEVELOPMENT 


The expense placing containment vessels around nuclear power plants 
quite high. Considerable thought, analysis, and testing being carried 
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find methods reducing enclosure costs. nowunder consideration 
for reducing peak enclosure pressure encloses the reactor vessel cham- 
ber vented the enclosure through pool water. The water would condense 
the escaping vapor, thus reducing the peak enclosure pressure. hasafurther 
advantage trapping portion fission products which might released. 
The success such system reducing the pressure peak depends being 
able place reasonable limitation break size, for there could such 


effect the release all the primary coolant were instantaneous near- 
so. 


ACKNOWLEDGMENTS 


The approach the subject discussed this paper product ofthe work 
many men. The analysis contained under the heading “Analysis the Pres- 


Pursel. 


APPENDIX I.—NOTATION 


Symbols 
total volume, ft3; 
primary water vaporized; and 
humidity. 
Subscripts 
=air; 
moisture the air; 
total; 
water; 
condition; 
the saturated vapor; and 


property change upon vaporization. 
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SYNOPSIS 

vast amount new information performance structural ma- 
under load the process affecting, far-reaching man- 
ner, many established design procedures, and creating new methods 
replace outmoded approaches. the present rate development 
few engineers manage familiarize themselves detail with the re- 
sults pertinent research. Yet most these new departures cannot 
understood without such familiarity. The aim this paper review, 
broadly, the basic features these new findings materials perform- 
ance and structural behavior. They relate not only inelastic 
materials properties, but also brittle fracture, fatigue, residual stress- 
es, creep, strength under combined stress, actual versus specified 


strength, and the like. Each these features presented not itself, 


Note.—Discussion open until July 1960. extend the closing date one month, 
written request must filed with the Executive Secretary, ASCE. This paper part 
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ciety Civil Engineers, Vol. 86, No. February, 1960. 


Presented, invitation, the February 1959 ASCE Convention Los Angeles, 
Calif. introduce symposium plasticity structural design. 
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but relation overall performance structures the civil engi- 
neering type. None the quoted research the writer’s creation, 


and the only originality that can claimed one presentation and 


interpretation. 


INTRODUCTION 


his early training every structural engineer has become acquainted with 
the basic tools his art course known “Strength Materials”. This 
ture. fact, most the subject matter “Strength Materials” has little 
connection either with strength with materials. might more appropriate- 
called “Stresses and Deformations Ideally Elastic Members.” This 
describes, brief, that conventional approach structural design which has 
dominated established engineering practice until very recently. consists, 
essence, computing stresses design loads the basis assumed 
elasticity, and implying that these stresses, manner rarely stated ex- 
have some relation the strength and performance the structure. 

The revolution now under way many fields structural engineering 
not correctly described the juxtaposition the terms “plastic” and “elas- 
tic.” much more aptly characterized the concepts “strength” versus 
“stress.” This revolution, short, consists the recognition that opti- 
malin regard safety and economy, design must based rational methods 
for predicting the actual strength the structure (so that design loads can 
held below that strength adequate margin), supplemented means 
predicting performance service loads (so that impairment serviceability 
excessive deformation, vibration, etc., can prevented.) Wherever 
the plastic properties material which govern the strength structure, 
“plastic analysis design” the process replacing the conventional 
“elastic” methods. Where other features determine strength and performance, 
attention increasingly focused them. 

Among these other features are: Brittle fracture normally ductile ma- 
terials; the strength, brittle ductile, materials subject bi- and tri- 
axial conditions stress; creep affects not much the strength the 
serviceability some types structures; fatigue structures subject 
large numbers not necessarily cyclic load repetitions. addition, increas- 
ing attention being paid the actual properties structural materials “as 
received” (as distinct from their stipulated, nominal minimum properties) and 
the statistical distribution these actual properties guide for real- 
istic assessment structural safety. The methods evolving from all these 
tendencies differ increasingly from the conventional approach comparing 
elastically computed stress with stipulated fraction specified, nomi- 
nal materials property. 

And yet, the supercilious disparagement conventional “elastic design,” 
fashionable among some the more enthusiastic exponents the “plastic” 
methods, misplaced and unjustified. The Eiffel Tower, the Golden Gate 
Bridge, the Empire State Building, the Sando Bridge Sweden, the flowering 


5 
| 
* 
ig 
‘ 
{ 
ial 


STEEL AND CONCRETE 


shell construction, the rigid framing modern power stations, harbor sheds, 
and hangars, are living monuments the power elastic theory scien- 
tific basis for the art design and construction. has long been part this 
art temper the formal results elastic computation judgment, rational 
order reflect more realistically experience with actual per- 
formance. Much what are trying now merely incorporate into 
the science design explicit and rational manner those very same fea- 
tures; take them out the realm the qualitative and intuitive, and put 
them sounder, quantitative, and scientific basis. matter how far 
this direction, element the art will always remain part structural 
engineering. 

the intent the writer toreview the most important these develop- 
ments. The tremendous scope the relevant material imposes the character 
this brief review which, necessity,is one breadth rather than depth. 


STEEL 


Stress-Strain Curve.—Much the structural performance 
ductile metals contained the stress-strain diagram. Only the extent 
that the stress-strain curve becomes known and reproducible possible 
develop design procedures high accuracy and reliability. For some struc- 
tural metals, such aluminum alloys, control and predictability stress- 
strain curves has been achieved only lately.(1)1 For others, such stainless 
steel Type 301, otherwise structural metal high quality, the fact that ade- 
quate controlof the effective stress-straincurve seems not yet inhand appears 
represent the main difficulty developing reliable design 

contrast, for tension-test specimens mild structuralcarbon steels the 
general character the stress-strain curve has long been known that 
Fig. view the extreme elongations preceeding fracture, only the 
initial portion the curve which primary structural interest (Fig. 1(b)). 
For most simple sufficiently accurate portion 
the idealized elasto-plastic diagram Fig. 1(c). However, connection 
with inelastic buckling steel members, which particular importance 
for plastic steel design, the initial strain-hardening range and the strain- 
hardening modulus for that range, Est, have become increasingly consequential 
and have been extensively investigated.(3 

Yield Point.—The single, most important structural property 
its yield point. Except where buckling enters the picture, allowable stress- 
conventional design depend almost exclusively this property. Like- 
wise, carrying capacity defined plastic design generally directly pro- 
portional the yield point, again barring the influence buckling. 
essential, therefore, that this quantity well defined and known with 
adequate degree certainty. 

Routinely, yield points are determined mill tests specimens cut from 
the webs (for I-shaped sections). are made relatively high strain 
rates and ASTM definition the yield point customarily determined the 
“drop the beam halt the gage” method. the nature this method 
the upper yield point which determined. However, this upper yield 
point unstable phenomenon and structural strength generally governed 
the stable, lower yield point. Here, then, one influence which makes for 


Numbers parantheses thus, (1)—refer the appended Bibliography. 
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STEEL AND CONCRETE 


the fact that the actual value this structurally important porperty below 
that given mill tests. further influence, tending the same direction, 
the fact that the relatively rates(rates loading) used mill tests 
are significantly faster than the very slow rates essentially static loading 
which take place most structures. Since the yield point steel increases 
with increasing strain rate, the values measured mill tests are higher than 
those whichare effective the structure. Lastly, generally observed that 
specimens are cut from the thicker flanges rather than the thinner webs, 
their yield points are lower than those the web specimens which are used 
for mill tests. Each these several influences rarely exceeds 10%, but since 
they all tend the same direction can said that actual effective yield 
points rolled steel members are from much 30% 
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FIG, CURVE MILL TESTS 
FOR STEEL (ASTM A-7) 


indicated mill tests.(4) follows that mill tests should show yield points 
about 20% larger than the stipulated values which strength calculations are 
based, or, conversely, that for computations strength yield value should 
used which about 20% below that indicated mill tests. 

Steel mills conduct their such manner that only negligible 
fraction their steels will fail meet the specified minimum yield point 
determined mill test. ensure this, production arranged that the 
average yieldstress considerably above the specified minimum. The proba- 
bility curve Fig. reflects this clearly. shows results 3,974 mill tests 
representing 33,000 tons structural steel (ASTM A-7) nine projects be- 
tween 1938 and 1951.(5) For this steel the specified minimum yield point 
ksi. seen that the median mill test value was 38.7 ksi, with mean 
value ksi, and that less than the mill tests failed meet the 33-ksi 
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requirement. However, one considers that the structurally effective actual 
yield point the average only about 80% that indicated mill test, then, 
order ensure that the actual yield point least ksi, the mill tests 
should show not less than about ksi. seen that this the range 
the than the minimum values large samples actual mill tests. 
follows that about half the steel rolled ASTM A-7 requirements seems 
have structurally effective, static yield points less than ksi, even though 
only negligible fraction will fail pass the mill-test requirements. The 
amount this deficiency will seldom exceed 15% although does reach about 
25% insmall fractions the total sample. follows that plastic design con- 
tinues based the specified minimum yield point, and this yield point 
continues determined present mill-test procedures, then the discrepan- 
cies which have been discussed the features which need 
taken care the safety factor. 

The investigations which have led this improved knowledge the actual 
yield-strength properties structural steels are anexample general ten- 
dency recent origin. This the tendency toward more rational approach 
the entire question structural safety, and safety factors particular. 
The attempt reduce the amount “judgment” and increase the factual 
and quantitative basis which safety and load factors are determined. While 
unlikely that will ever possible deal with safety entirely ona 
statistical-probabilistic basis, evident that information such the one 
just cited yield strength available, can incorporated the safety 
factor explicitly and numerically. Thereby decreases that area general 
uncertainty which must covered undefined amount reserve strength 
and which had led the ironical term “factor ignorance.” 

Residual Stresses.—The information discussed previously was obtained from 
materials tests carried out coupons cut from rolled sections. Until rela- 
tively recently was generally assumed that such coupon tests correctly re- 
flected the behavior the steel the member. has now been learned that 
residual stresses which are present hot-rolled shapes well mem- 
bers fabricated welding, have decisive influence buckling strength. 
There such agreement, yet, the possible influence residual stress- 
brittle fracture and fatigue strength, but seems likely that they will 
found play some role these fields. 

stresses steel members arise sources—from differen- 
tial cooling and from cold working, such cold straightening. From the very 
nature these processes there sizeable degree randomness involved 
the magnitude well the distribution residual stresses. However, 
rolled shapes, the cooling stresses are now quite well known both 
order magnitude and types distribution. 

easily realized that hot-rolled member cools down from the parti- 
ally plastic state, those portions which cool first and are fully solidified while 
other portions are still hot, partially plastic, and contracting, will contain re- 
sidual compression stresses when the member fully cooled. Conversely, 


those portions which cool last find their tendency contract counteracted 


those adjacent portions which are lower temperature; they are, therefore, 
subject residual tension stresses, when fully cooled. view this, 
easily understood that the distribution residual stresses wide-flange 
shapes varies between the two extremes shown Fig. the stocky, thick- 
walled, approximately square sections generally used for columns (Fig. 3(a)) 
the flange tips cool first, the web lags behind the outer portions the flanges, 
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STEEL AND CONCRETE 


and the junctions web and flange are the last cool. This leads high re- 
sidual compression stresses the outer parts the flanges, and residual 
tension stresses throughout the web. Conversely, deep and relatively thin 
sections they are mostly used for beams (Fig. 3(b)) cooling begins the 
central portion the web well the flange tips, while the last parts 
cool, before, are the web-flange junctions. Correspondingly, high residual 
compression stresses appear the webas wellas the outer flange portions, 
while residual restricted the inner the flanges and the 
immediately adjacent parts the webs. Very extensive measurements 
large numbers specimens have shown that good average value for the maxi- 
mum residual compression ksi, with individual values 
ally reaching much ksi. There seems evidence that these same 
values apply not only low carbon, but also high-strength, low-alloy steels. 

well known that under ductile conditions internal, residual stresses 
not influence the static strength members, matter what their magnitude 
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FIG, 3.—RESIDUAL STRESSES ROLLED SHAPES 


and distribution. This because residual stresses are necessity self- 
equilibrating, that is, have zero force and zero moment resultant. Therefore 
they neither add nor subtract from moments and forces caused external 
loads. However, they can factor reducing resistance brittle fracture 
and fatigue. addition, they change the load-deformation characteristics 
the member and, therefore, can decisively affect its buckling strength. 

short piece the column shape Fig. 3(a) concentrically com- 
pressed, the applied uniform stress P/A superposes the residual stresses. 
Yielding will start the flange tips when the applied plus the residual stress 
equals the yield point: 


the load further increased, yielding spreads inward and additional load 
resisted only that shrinking part the cross-sectional area which 
still elastic. easily verified elementary computation that the resulting 
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load-deformation diagram curved. one plots the form stress- 
strain diagram, has the shape Fig. 4(a). this same figure drawn the 
simplified (elasto-plastic (see Fig. 1)) stress-strain diagram which would 
measured residual stresses were present. seen that their effect 
produce the steel member “artificial” proportional limit 


equal that applied stress, P/A, which yielding starts the flange tips. 
the other hand known that when column concentrically com- 
pressed stress beyond the proportional limit buckles the load 
the stress 
(4) 


Stress Without 
Residual 
Jy 
oO 
With ~ 


STRAIN 
(a) (b) 


COLUMN STRENGTH 


which the slope the tangent the stress-strain curve (dashed line 
Fig. 4(a)). Eq. (4) plotted Fig. 4(b) together with that curve which 
would result were present. seen that the practi- 
cally most important about L/r 120 steel) the re- 
sidual stresses reduces the buckling strength columns very significantly.(6,7) 
The same holds true for lateral buckling beams and, lesser extent, for 
local buckling compressed flanges and 

This large influence residual stresses buckling for ade- 
quate information their magnitude also for members other than hot-rolled 
shapes. members fabricated welding there are some indications 
that residual stresses may even larger than rolled shapes. Correspond- 
ing investigations are now under way Lehigh University. 
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Brittle Fracture.—Ductile metals, and particularly steel, under certain con- 
ditions will fracture brittle manner, suddenly, and without any warning 
preceeding plastic deformation distortion. considerable number more 
less catastrophic failures, not only ships, but also bridges, storage 
and pressure vessels, and other structures have been traced this cause. 

The nature brittle fracture most easily understood the following 
manner: Two types strengths can distinguished ductile materials, 
namely that stress which will cause sliding (yielding) through shear-type 
displacement, and that stress which will cause sud- 
den break without noticeable plastic deformation. the yield strength low- 
than the cleavage strength then, the structure loaded, yielding will 
occur long before cleavage fracture and ordinary, ductile behavior obtained. 
The important that neither the yield strength nor the cleavage strength 
material are constant but change different ways depending variety 
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FIG, 5.—SCHEMATIC EXPLANATION BRITTLE FRACTURE 


influences. Among these, temperature one the chief factors and the 
nature brittle fracture most easily visualized plot the two types 
strength versus temperature. 

The solid curves Fig. show, schematically, the manner which the 
ductile yieldstrength and the brittle cleavage strength tempera- 
ture. seen that both decrease with increasing temperature, but that 
decreases much faster rate than structure subject increasing 
load temperature larger than that marked Ttr, then, the load in- 
creased the stress will reach the yield strength before can attain the 
cleavage strength Consequently, yielding will start and the structure will 
behave desirable, ductile manner. Conversely, the service temperature 
lower than then, with increasing load, the cleavage strength will 
reached first, and sudden, brittle fracture without prior yielding will ensue. 
For this reason known the transition temperature, below which be- 
havior brittle and above which ductile. 
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Temperature, however, not the only variable. While the cleavage strength 
relatively insensitive other influences, the yield strength, particularly 
steels, depends number factors. the greater the higher the strain 
rate, the larger the carbon content, the coarser the grain, the higher such 
stress concentrations may exist, and also increased the presence 
triaxial tension stresses, such residual stresses from the 
other hand, the yield strength the lower the finer the grain size, the higher 
the manganese and the lower the carbon content, the slower the strain rate, 
and the more uniform and nearly uni-axial the stress Assuming, for 
simplicity, that the brittle strength the other hand, not influenced all 
these factors (which only approximation), seen that even for 
single steel given chemical composition the yield strength can vary over 
wide range depending the degree simultaneous effect the various 
enumerated factors. This shown schematically the two dashed curves 
Fig. The left one these indicates the magnitude under the most 
favorable conditions (small grain size, low strain rate, etc.), the right one 
under the most unfavorable conditions (high stress concentration, large tri- 
axial tensions, etc.). Then the “nil ductility temperature” below 
which fracture always brittle; the “nil brittleness temperature” 
above which always ductile. The range known the 
transition range. temperatures that range, which comprises the service 
temperatures most ordinary structures, fracture can either brittle 
ductile depending the degree unfavorable effect the various enumerated 
influences. 

From the foregoing evident that brittle occur average 
stresses sizeably below the conventional yield point stress concentrations 
are present, since these have two-fold effect: They produce peak stress 
k-times the average stress stress-concentration factor) and the same 
time they yield strength the root the stress raiser. Hence if, 
that root, the yield strength higher than the brittle strength the stress 
concentration cannot relieved plastic flow. the same time the peak 
stress the root exceeds then brittle fracture starts that root, even 
though the average stress below the yield stress the metal proper. Once 
started, such crack though not always, propagate because very 
little energy needed keep brittle fracture going, and because the speed 
the crack propagation produces high strain rate which, un- 
favorable influence. 

seen from this much simplified description that the importance 
brittle fracture means restricted impact conditions. fact, 
number ships have suffered brittle failure while rest harbor, anda 
number bridges while free any significant live load. also seen that 
welded construction, particularly, really high degree safety against 
brittle fracture can achieved only through combination very careful 
detailing (to reduce minimum all stress concentrations), (b) maximum 
weld inspection (to detect and eliminate weld flaws), (c) appropriate weld 
layout and welding procedure, including preheating and postheating (to reduce 
triaxial tensions) and (d) the use special steels low notch sensitivity 
(several which have recently been introduced). All these measures are 
costly and for this reason can used only limited degree the usual 
civil engineering structures. 

not certain what extent this situation has relevance the newly de- 
veloped methods plastic steel design, particularly outdoor structures. 
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Evidently, the premises plastic design are satisfied only sizeable plastic 
deformations yield-stress level can actually take place before cleavage 
fracture occurs. Laboratory tests full-size frames indoor temperatures 
seem indicate danger premature brittle fracture (that is, brittle 
fracture prior the formation the last yield hinge). However, should 
not forgotten that fabrication, welding, and testing these frames have been 
carried out under optimum laboratory conditions. Also, the structures tested 
were essentially two dimensional, with framing members connected 
welding right angles the plane the structure. Actually, stress concen- 
trations and tri-axial tension are likely worst those many points 
actual structures where members three mutually perpendicular directions 
are joined. Experienced welding engineers, therefore, have expressed doubt 
“whether there always predictable amount plastic action reserve 
strength structural steel” and that, unless and until this proved “the pos- 
sibility that here may (or insufficient) plastic action must recognized 
and the designs structures planned accordingly” (Mr. Dill, quoted 
(10)). This quotation not intended cast doubt the soundness plastic 
design most situations. intended indicate area where influence 
material’s behavior one kind design method based behavior an- 
other kind may need further investigation and safeguards. 

Fatigue.—The nature fatigue and the multitude factors which influence 
fatigue life are matter and scope that even abbreviated 
treatment within the frame this paper would meaningless. The problem 
extreme importance the case machinery and generally structures 
subject large numbers wide stress fluctuations reversals, uniform 
nearly uniform peak intensity. evident that most civil engineering 
structures not answer this description. For this reason the writer will re- 
strict his remarks few suggestions regarding the relevance 
fatigue buildings and bridges. 

Laboratory fatigue tests structural members and connections, carried out 
between fixed limits either complete reversal zero-maximum-zero 
cycles often show alarmingly low fatigue strength. This particularly true 
for many types welded connections. With the more general availability 
laboratory pulsators, the fatigue testing entire least struc- 
tural subassemblies, has become possible. fact, certain European coun- 
tries the writer has observed tendency summarily substitute fatigue test- 
ing pulsators for static testing, even for such assemblies which, actual 
use, would never subject fatigue loadingof any severity, such roof and 
floor structures. Such testing certainly spectacular showing places 
high stress concentration and the like, but its relevance actual structural 
performance does not seem have been established. 

Weck has summarized his judgment 


“The riskof fatigue failure entirely absent buildings unless there 
are travelling cranes. Even then the number times the crane used 
full capacity may not large enough affect the gantry. Wind load- 
variable and produces stress fluctuations but neither their number 
nor their magnitude large enough for fatigue failure result. (How- 
ever) wind may lead fatigue failure certain structure are 
excited resonance vibrations the action the wind. highway 
bridges those stresses due live load which occur very large number 
times are generally only fractions the full design stress and 
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general will not result fatigue failure—although this depends detail 
design—whereas the full design stress not reached frequently enough 
during the life the structure cause trouble. The railway 
bridges very different.” 


The statement highway bridges, based European conditions, may need 
some modification the United States the direction greater caution, 
view the higher frequency heavy truck loads our highway traffic 
compared that Europe. 

There fundamental difference between the fatigue regime such things 
crankshafts, connecting rods, cranes, presses, aircraft structures, etc. 
the one hand and buildings, highway bridges, and the like the other. the 
former most stress cycles are maximum near maximum intensity and, 
therefore, fatigue tests the ordinary kind are reasonably representative. 
the latter, while large numbers stresscycles may small frac- 
tion them will of, near, maximum intensity. The application such 
structures test results obtained between fixed stress limits is, 
therefore, misleading and excessively conservative. 

The experimental exploration fatigue strength under the kind variable 
cycling which actually occurs structures only its infancy. The diffi- 
culty reproducing the laboratory cycling nature statistically similar 
railway bridge are considerable, and become almost insuper- 
able for other more random types loading, such wind. The authors 
one the few extensive investigations this field(12) summarize: “From the 
limited number tests may concluded that the variations maximum 
cyclic stress obtained railway bridges may expected provide life 
markedly greater thanone would expect obtainon the basis the maximum 
applied stresses.” They estimate this increase life “possibly equiva- 
lent decrease approximately 2,000 3,000 psi the maximum stress 
constant-cycle loading.” Since maximum-stress cyclingis more nearly ap- 
proached railroad bridges than practically any other structures including 
cranes (with the exception certain cranes steel mills whose loads 
vary within narrow limits), these experimental results tend confirm what 
was quoted regard low fatigue danger buildings and bridges. 

There are situations, however, where combination fatigue and brittle 
fracture may result serious consequences when each these occurrences, 
itself, would not have been cause for alarm. Fatigue cracks are initially 
microscopic proportions. the slow rate cycling prevalent most 
structures (as distinct from high-speed machinery) they progress very slow- 
and may take many months and even years reach such proportions that 
they will member. With normal inspection and maintenance they are 
usually detected and time. However, such minute fatigue crack- 
ing occurs below the transition temperature, these very cracks can become 
the source brittle fracture whichis likely propagate with the high speed 
characteristic this phenomenon, and may lead immediate failure. 
fortunate that the same measures detailing, weld control, inspection, etc., 
which reduce danger brittle fracture also tend increase fatigue life. The 
possibility that fatigue crack may “trigger” brittle fracture emphasizes, 
however, that special precautions are advisable, particularly using steels 
low notch sensitivity addition careful detailing, when structures which 


are exposed low service temperatures are also subject significant stress 
cycling. 
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Plastic not the writer’s intent discuss detail any the 
phases plastic design. remark two may appropriate, however, 
the extent that they fit the general this paper with its emphasis the 
influence materials’ properties structural performance. 

There doubt that some degree ductility essential the safety 
and proper functioning any steel matter whether designed elas- 
tically, plastically, guess. Equally, there isno doubt that larger amount 
ductility necessary for plastically designed structures attain their 
planned carrying capacity. This mentioned previously, there 
must enough ductility all locations plastic hinges that the hinges 
which form first can undergo, without fracture, those often very large amounts 
local plastic rotation which will make possible for the last hinge form. 
such demands plastic deformation underlie elastic design. has been 
pointed out, numerous tests full-size frames under laboratory conditions 
have shown that the requisite amount ductility appears present for the 
full plastic strength develop. One possible reservation regard this 
feature was presented under the heading “Steel: Brittle Fracture.” Another 
concerns the following: 

far the majority tests plastic theory have been made rolled 
shapes, structures fabricated from rolled shapes. For the method 
universal and applicable structures large size, its validity for fabricated 
structures may need further exploration. There has been recent evidence(12) 
that customary waysof preparing fabricated edges may reduce ductility prac- 
tically temperatures high 40° 80° This refers particu- 
larly sheared edges, somewhat lesser extent manually flame-cut 
edges, and arc strikes edges. respect, rimmed ASTM A-7 steel 
proved considerably semi-killed steel the same designation, and 
structural silicon A-94) well low-alloy, high-tensile steel 
(ASTM A-242) proved aboutas unfavorable the rimmed A-7 steel. Ex- 
cept for the semi-killed A-7 steel, brittle fractures static tensile tests 
the above, relatively high temperatures were obtained stresses equal and 
sometimes somewhat below the yield point the material, particularly for 
sheared edges. clear that if, fabricated construction, such edges were 
permitted occur yield-hinge locations, the attainment the necessary 
plastic rotation prior possible fracture would serious doubt. This 
but one more illustration the fact that the more design based actual 
strength rather than nominal stress, the more important becomes infor- 
mationon structural performance the material and adequate 
safeguards. 

Even though may necessary surround plastic design with more re- 
fined safeguards than are necessary for conventional procedures, there 
doubt that represents impressive progress three respects: (a) enables 
the designer utilize hitherto hidden plastic strength reserves, and thereby 
design mcre economically. (b) has furnished the designer and researcher 
with deeper understanding actual, compared idealized, structural 
performance. (c) has added new degree freedom structural design 
whose full possibilities will evolve only gradually with increasing usage. 
this last feature that the writer wishes dwell briefly. 

When dealing with elastic continuous structures, the designer has only limit- 
scope shaping the structure for optimum performance and economy. 
fixed-ended, uniformly loaded elastic constant end moments 
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which are twice large the span moment, and hence most the beam 
understressed. the designer wishes improve the situation reinforcing 
the ends will find that, the process, has further increased the end mo- 
ments the expense the span moment, view the added rigidity the 
outer, reinforced portions. The stresses are likely uneconomically 
distributed before. fact, appears true that one cannot produce 
elastic indeterminate structure economically optimal stress distribution. 
This illustrated the simple, indeterminate system Fig. Economi- 
cally optimal stress distribution would meanthat the stresses all three bars 
equal. The elementary analysis Fig. shows that this possible only 
for that is, when the indeterminate structure transforms into the de- 
terminate one which consists one single bar. This example and that the 
fixed beam illustrate the degree which, for elastic conditions, the designer 
hamstrung his endeavor optimize the shape his structure. 

contrast, plastic design, the designer entirely free dictate the 
structure the manner which wishes perform. For the elementary 
modelin Fig. optimum plastic stress distribution results automatically since 
the structure will fail unrestricted yielding only when the yield stress 
attained all three bars. This illustrates the economy plastic design. 


ASTIC PLASTIC 
From Deformation Compatibility From Yield 


FIG, DESIGN” INDETERMINATE STRUCTURES 


addition, however, for some reason the designer wishes impose the con- 
dition that, failure, the force each bars one-half that bar 
all has make the area the former one-half the area the 
latter. Or, for the previous case the fixed-ended beam, wants the sup- 
port moments failure one-half the span moment (possibly because 
the restraining structures cannot resist more than this amount), all has 
shape the beam that the plastic section modulus the supports 
one-half that the center. state generally, the plastic method enables 
the designer dictate the structure the precise manner which wants 
resist the external forces, tell the structure how the total static 
moment wants resisted one section, and how much another. 
this which makes the plastic method primarily one design, while the elastic 
method with its limited freedom action primarily one analysis. 

likely that thisnew freedom structures optimally, regard 
economy some cases, regard aesthetics others, will appreci- 
ated only gradually designers, through use, become aware the new po- 
tentialities this approach. 
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STEEL AND CONCRETE 
CONCRETE AND REINFORCED CONCRETE 


comparison with steel, concrete much more complex and less pre- 
dictable material. This due two entirely independent causes. From the 
fundamental viewpoint materials behavior, the high degree heterogeneity 
concrete, the difference basic properties its various constituents 
(coarse and fine aggregate and hardened cement paste), the pronounced effects 
creep and shrinkage, and the fact that the tensile strength small frac- 
tionof the compressive strength, represent some the causes why the under- 
standing and prediction performance concrete under load has not attained 
the same degree development for steel and for other ductile materials. 
From the practical viewpoint the fact that concrete the whole produced 
under less controlled conditions and that its final properties depend agreat- 
degree job operations than true for steel (placing, curing, etc.) adds 
the lesser degree predictability which still prevails regard many 
features concrete behavior. (It should noted, though, that recent investi- 
gations into the true effective properties steel, discussed previously 
regard yield strength, residual stress, brittle fracture, etc., have shown 
that these properties, too, exhibit greater scattering and dependence fabri- 
cation operations than had previously been suspected.) 

The difficulties are compounded reinforced concrete the complex mode 
interaction the two constituent materials and the variety ways 
which they can combined form structural members. The fact that our 
understanding still lagging regard some the basic features rein- 
forced concrete, such its behavior shear and diagonal tension, torsion 
and combined torsion and bending, its long-time deflections under load, etc. 
that, spite these fundamental complexities, such features the strength 
compression, bending, and combinations compressing and bending, 
have been brought under very satisfactory control while regard the 
enumerated, more complex, have established themselves 
which, though admittedly crude and lacking rigour, have proven themselves 
adequate design tools. 

Cylinder Strength.—The single, most important structural property con- 
crete its cylinder strength. Wherever, reinforced concrete, the carrying 
capacity governed the concrete rather than the steel, strongly de- 
pendent on, and most cases directly proportional to, cylinder strength. 
addition, and contrast steel, the deformation characteristics concrete 
structures (modulus elasticity, etc.) are also very largely dependent 
cylinder strength. The degree which actual cylinder the finished 
structure corresponds the value which the design has been based is, there- 
fore, the utmost importance. 

Figs. 7(a) and (b), represent, respectively, 861 tests 33,300 and 296 
tests 3300 yd, exhibit the influence good versus poor concrete quality 
control.(5) For the concrete Fig. 7(a) the desired minimum strength was 
3.8 ksi, for Fig. 7(b) 4.3 ksi. while the actual mean strengths were 5.2 ksi and 
5.8 ksi., spread 40%. For the well-controlled concretes 
Fig. 7(a) the percentage cylinders which tested below the design strength 
3.8 ksi fraction percentage. more than 15% the 
cylinders Fig. 7(b) failed meet the stipulated minimum strength spite 
the wide spread between the actual mean and the stipulated minimum strength, 
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and some the cylinders tested low one-half the desired value. These 
statistical data emphasize strongly the combination careful concrete 
control with sufficiently wide spread between the desired minimum strength 
and the mean strength for which the mixis designed willassure adequate quali- 
ty. Some codes require that the water-cement ratio chosen result 
strength 15% above the desired design strength. view the foregoing 
information there may some doubt whether this spread sufficient. 

Tensile Strength.—Since reinforced concrete structures are arranged 
that the strength concrete direct tension rarely practical signifi- 
cance, not much attention has been paid this property. further reason for 
this neglect may foundin the experimental difficulty determining concrete 
tensile strength test. 

However, the strength under combined stress material like concrete, 
such shear, torsion, combination these with bending, can 
analyzed only if, addition the compressive strength, least the tensile 
strength known. This immediately evident from Mohr’s strength theory 
which, while not necessarily the most exact, probably the simplest the 
various strength theories applicable material the nature concrete. 
Lack information this property, therefore, seriously hampers attempts 
toward deeper understanding concrete performance. 

The statement can often found that the tensile strength some reason- 
ably constant fraction, such 1/10, the cylinder strength. has recently 
been maintained(13) that this vary within the wide limits 1/8 
and that its most frequent range between 1/10 1/16. seems likely, 
therefore, that the tensile strength separate property any given con- 
crete and not uniquely defined some definite relation the cylinder 
strength. The possible practical importance this situation will discussed 
subsequently connection with combined stress. 

Stress-Strain Curve.—Until recently, strain measurements during cylinder 
tests have represented the primary source information stress-strain 
curves concrete. Such tests give adequate data relatively low stresses 
(within the working range). There was considerable doubt, however, whether 
these data were representative actual concrete behavior near- ultimate 
stresses, that is, the region which matters most for strength determinations. 
The doubts were two-fold: (a) was suggested Whitney that the sudden 
failure test cylinders may frequently precipitated the elastic proper- 
ties the testing machine, rather than those the was dubious 
what extent the shape the curve obtained from cylinder tests was repre- 
sentative the stress distributionin the compression zone member sub- 
ject bending eccentric compression. Both these questions are decisive 
importance for rigorous underpinning ultimate strength design. 

very recent years, independently andalmost simultaneously, satisfactory 
light was shed these questions evidence obtained ingenious test methods 
Germany(14) and the United States.(15) These investigations showed that: 
(1) cylinder tests the stress-strain curve upon reaching ultimate strength 
indeed cut short the properties the testing machine, particularly for 
higher strength concretes. (2) The distribution concrete stresses over the 
compression Zone flexural members is, fact, closely similar the stress- 
strain curve concentric compression. (3) Most important, the shapes the 


stress-strain curves concretes various strengths are the character 
shown Fig. 
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seenthat concrete behaves reasonably elastically the range moder- 
ate stresses. There is, however, marked departure from linearity near- 
ultimate stresses. this respect concrete behaves quite differently from de- 
cidedly brittle materials, suchas glass, and can said possess 
certain amount ductility. This ductility, seen decrease with 
increasing cylinder strength. There certain paradox the fact that re- 
cent tendencies use ever higher concrete strengths coincide with simultane- 
ous tendencies toward utilization the ductility concrete ultimate strength 
design. probable that the tendency toward the very highconcrete strengths 
caused the fallacious premium which the straight-line theory places 
the use such concretes flexural members. With broader acceptance 


ultimate strength design more realistic attitude toward concrete strength 
likely establish itself. 
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8.—STRESS-STRAIN CURVES FOR CONCRETE 


very remarkable feature the stress-strain curve concrete that 
shows descending branch after the maximum stress has been reached. The 
fact that its shape, this respect, not very different from that certain 
ductile metals deceptive. the latter, such aluminum alloys, steel, 
etc., the descending branch pertains only the nominal stress, referred the 
original area. Since, this region large, ductile strains, the reduction 
area considerable, plot true stress versus strain invariably shows 
ascending curve right fracture. contrast, view the 
relatively very small strains, significant change area occurs with in- 
creasing stress sothat the conventional stress-straincurve differs very little 
from that true stress. seems that other structural material possesses 
this descending branch, with the possible exception timber under certain 
conditions. 16) that this branch caused progressive, 
irreversible microcracking that, with further increasing strain, pro- 


gressively smaller number uncracked particles called upon resist the 
load. 
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The total duration the loading process for each the tests performed 
Hognestad, was about min. This demonstrates that the shape 
these nota consequence creep, sometimes stated, least not 
normal meaning the term creep, but represents correctly the per- 
formance concrete reasonably high rates loading. 

important feature these curves the fact that their peaks occur, that 
is, the maximum stresses are reached, strains the order 0.0020 
0.0025, for all tested mix proportions and cylinder strengths. Column design 
has long been based the assumption, proved many tests, that the strength 
short, concentric column simply the sum the yield strength the 
reinforcement plus the crushing strength the concrete. This situation 
evidently possible only the concrete will not crushor substantially enter the 
descending branch the curve before the steel has reached its yield point. 
Since, steel, elastic strain 0.001 corresponds stress ksi, 
seen that column reinforcement with yield points ksi ksi will 
indeed reach these yield points before the concrete starts weakening, as- 
sumed present column formulas. This may not true, however, for steels 
significantly higher yield strength. The same situation may hold for com- 
pression reinforcement flexural members. This may put limit the ef- 
ficiency steels very high strength for compression reinforcement. 

The descending branchof the stress-straincurve comes into play primarily 
beams with very high reinforcement ratios, when strength governed 
crushing the concrete. While such high ratios are rare, the possibility that 
this range the integrity the concrete impaired microcracking re- 
mains somewhat disturbing feature. could conceivably affect structural 
safety the case repeated applications near-ultimate loads, and may 
warrant additional investigation. 

Flexural Strength Reinforced Concrete.— failure ultimately con- 
sists the crushing the concrete compression zone. this crushing 
preceded yielding the steel (for low steel ratios), then the ultimate mo- 
ment which crushing occurs differs very little from that which yielding 
begins. For this reason the ultimate moment beams which fail tension 
can computed with high accuracy, provided the reinforcing steel has hori- 
zontal yield plateau. 

crushing takes place while the steel stress still below the yield point 
(high steel ultimate moment cannot predicted with any compara- 
ble precision. The best that can done calculate reliable lower limit 
(see Fig. Ref. 17). has been proposed that for this situationthe maximum 
concrete strain the outer compression fiber takenas failure criterion. 
seen from Fig. 9(18) that ultimate strength cannot computed from 
maximum strain criterion. That is, there seems little prospect es- 
tablishing that concrete will crush certain, predictable magnitude the 
the extreme fiber since tests have failed indicate reasonable corre- 
lation between strain and strength. Fortunately, with standard-strength rein- 
forcement, the steel ratios which strengthis governed concrete crushing 
prior.to steel yielding are high rarely interest. This not 
when high-strength reinforcement used. addition, certain high-strength 
steels which are coming into use both Europe and, lately, the United States, 
not have flat yield plateau but enter strain hardening immediately upon 
reaching the yield strength. that case, even for low steel ratios, the flexur- 
strength cannot computed the usual methods ultimate strength theo- 
and the only statement that can made that the strength such beams 
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larger (by 40%) than computed assuming the steel possess flat 
yield 

seen, then, that view the complex nature concrete, the strength 
flexural reinforced concrete members far calculable with precision 
only for the simplest situations (under-reinforced beams with flat-yielding 
steel). fortunate that this is, far, the most frequent situation, and 
equally fortunate that for all other situations, not the strength itself, then 
least reliable lower limit can easily computed. Investigations are under 
way the United States and Germany which attempt basic- 
ally different approach ultimate flexural strength, based the concept that 
internal stresses readjust themselves maximize the resisting moment. 
the meantime, however, there are arguments favor maximum 
admissible strain even though there appears reliable correlation be- 
tween and flexural strength. that strain limited, for low and medium 
strength concretes, 0.003 possibly 0.0025, and somewhat smaller 
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FIG, 9.—ULTIMATE STRENGTH FAILURE 
REINFORCED CONCRETE MEMBERS 


values when exceeds about 4500 psi (Fig. 8), one would thereby eliminate 
from utilization the descending branch the this branch 
were actually caused irreversible microcracking, this may desirable 
measure. 

Failure under Combined Stresses.—The difficulties cited pre- 
dicting strength for the essentially uniaxial conditions flexural compression 
are compounded the case combined stress, that is, stresses acting 
twoor The shear strengthof beams and the strength mem- 
bers combined bending and torsion (with and without transverse shear) are 
but two examples such biaxial, combined stress. They emphasize the im- 
portance developing method for predicting failure under these conditions, 
and several promising attempts have been made problem recent 
years. The matter must looked two different ways: For one, 
problem basic, pure research which answer sought for which only 
one criterion exists, namely that reliable, regardless possible com- 
plexity. The other the fact that order engineering use, the infor- 
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mation this fundamental manner must capable sufficient sim- 
plification permit use routine design. both these respects the problem 
concrete failure under combined stress still its initial stages. 

the various, customary strength theories, the simplest which could 
applied material the type concrete that Coulomb (identical with 
Mohr’s theory with straight envelopes). regards failure sliding in- 
clined planes and postulates that the resistance such sliding consists two 
parts: the internal cohesion, and the sliding friction. The latter, turn, de- 
pends coefficient internal friction and the normal stress the 
plane sliding. maintains that two types concrete failure 
must distinguished. suggests that crushing failure governed 
Coulomb’s theory, but that cleavage failure (tension cracking) directly caused 
the maximum principal tension stress (Rankine theory). this basis 
shows reasonable agreement with moderate number tests beams 
combined bending and torsion. While itis known that the Coulomb-Mohr theory 
fundamentally deficient that neglects the influence the intermediate, 
principal stress, this deficiency rarely ordinary type members 
where stresses are biaxial rather than triaxial. 

McHenry and Karni(21) find that the Mohr theory does not correlate 
well with their tests tubes subject longitudinal compression and circum- 


ferential tension. They attempt correlation with octahedral shear and normal 
stresses, but conclude: 


“At the present stage our knowledge the accumulation test data 
perhaps more important thanis the search for simplified criteria. The 
present data indicate that the relationship principal stress- 


for tension-compression failure rather complex and not well 
defined.” 


the same time Bresler and Pister(22) observe, very much the 
point 


“that strengthof concrete function the state stress and can not 
predicted limitations tensile, compressive and shearing stress- 
independently each other”. 


evident, therefore that “the search for simplified criteria” great 
practical importance, since without them design for shear, torsion, and other 
combinations must remain the unreliable basis considering “the stresses 
independently each other.” analyzing the results their tests tubes 
submitted compression and shear (torsion), Bresler and Pister attempt 
relate their results tothe octahedralnormal stress and slight modification 
the octahedral shear stress, and they extend their method the problem 
the shear strength beams without web reinforcement, under strictly speci- 
fied, restrictive conditions. 

These various approaches have fact that they attempt re- 
late the concrete under combined stress single property the 
material, usually the cylinder strength some modification thereof. 
doctoral dissertation prepared under the writer’s supervision, Gural- 
nick(13) maintains that the strength concrete under combined stress can 
understood only least two properties are known, the tensile well 
the compressive strength, and that these two properties are largely independent 
each other. This has been discussed previously. illustrate: Cowan’s 
method based the assumption that the ratio tension compression 
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strength about while Bresler and Pister’s criterion would result 
tensile strength the same time even the limited test evidence 
McHenry and Karni shows spread measured tensile strength from 
17. stands reason that strength hypotheses which not account for 
this variability are not likely reliable. Guralnick utilizes the Coulomb- 
Mohr derive relatively simple interaction-type criteria and applies 
them results only such tests for which the compressive and tensile 
strength the particular concrete was known independent tests. The reason- 
able correlation which obtains may regarded one further contribution 
the urgent problem combined strength concrete, whose satisfactory 
solution not yet hand. 

Shear Strength Beams.—The most important type failure concrete 
structures which caused combined stress that usually designated 
“shear failure.” This occurrence is, generally, “brittle” character, that 
is, takes place without warning and leads immediate and total collapse. 
This contrast the gradual way which under-reinforced beams fail 
flexure, spiral-reinforced columns compression. the reason why 
advocated that ultimate strength design larger margin proviced 
against shear than against flexural failure, that structures designed 
would give due warning distress. 

unusually large amount research shear strength, within the past 
yr, has considerable extent clarified the mechanism shear failure 
qualitative manner. the same time seems that none the quantita- 
tive conclusions, some the formof very elaborate equations, possess 
sufficient generality applicable, with confidence, outside the range vari- 
ables the tests from which they were derived. One the reasons for this, 
apart from the basic complexity shear strength, particularly the presence 
web reinforcement, probably the fact that attempt was made these 
investigators analyze shear failure involving strength under combined 
stress. The necessity for this latter approach was pointed out 

Shear failure beams without web reinforcement proceeds two stages: 
First, “diagonal tension crack” forms, caused the inclined tension and 
compression stresses which prevail the uncracked section. The correct de- 
termination that state stress, and that shear force which will cause 
such crack form is, therefore, clearly matter combined stress. Once 
such crack formed, the external shear resisted only the remaining 
uncracked concrete top the tip the crack. Final failure occurs when 
this concrete destroyed the combined action the flexural compression 
and the shear (Fig. 10(a)). This, evidently, again matter failure con- 
crete under combined stress. 

beams with web reinforcement additional stage interposed between 
these two. That is, after diagonal crack has formed, resistance provided 
jointly the stirrups crossed the the remaining, uncracked com- 
pression concrete (Fig. 10(b)). stirrups have reached their yield 
point, the effects any additional load increase must resisted the re- 
maining compression concrete, that final failure, again, caused com- 
bined stress this part the beam. The foregoing represents possibly 
oversimplified description the mechanism shear failure. 

The writer knows only two attempts apply conditions strength under 
combined stress problem shear beams.(13,22) Both these attempts 
show reasonable correlation with limited number beam tests. Neither 
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them pretends furnished more than the beginnings basic solution 
the problem shear strength. There school thought which maintains 
that, view the brittle character shear failure, ultimate strength design 
for shear should not based actual collapse but the immediately pre- 
ceeding stage, described previously. That beams without web reinforce- 
ment, design would based that load which causes the first diagonalcrack, 
and for beams with web that load the webrein- 
forcement yield. clear that this more conservative approach, likewise, 
cannot avoid the nature the problem one combined stress. 

this the state our knowledge shear strength (as 1959), might 
asked how possible that have been designing, for these many years, 
concrete structures which appear reasonably safe shear. The answer 
that our present shear-design procedures are based certain simplified 
concepts combination with test evidence and experience. They result 
safety factors which range widely between the limits about more. 


(a) 


FIG, FAILURE” MECHANISM 
REINFORCED CONCRETE 
BEAMS (SCHEMATIC) 


Occasionally safety factors have fallensharply below these limits and have re- 
sulted actual structural distress failures which were traced shear 
weakness. This means that present procedures are normally adequate, but 
margin whichis rarely known withany reasonable accuracy. Corresponding- 
ly, shear designs many cases are uneconomical while others, fortunately 
much smaller number cases, are not adequately safe. 

Time Effects.—Under normal temperatures, steel insensitive loads 
long duration that the only time effects importance the structural de- 
signer are those connected with high strain load rates. con- 
crete under stress continues deformor creep for long time decreas- 
ing rate; stabilizes only after months years. Considerable attention has 
been paid recently creep view its importance the design dams, 
arches, and prestressed concrete. Based extensive experimental evidence, 
number empirical formulas have been developed which describe the ob- 
served relationships between creep, stress, and time. 
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Since concrete subject creep and reinforcing steel not, evident 
that sustained loading causes redistribution internal stresses rein- 
forced concrete members. fact, when the first extensive evidence was ob- 
tained, the 1930’s, that the stresses and the strength columns not con- 
form relationships, was thought many that this was due 
redistribution caused creep. evident that this not so. For one thing, 
the duration most column tests from which this evidence was obtained was 
one hours fractions thereof, rather than months. For another, the con- 
crete stress-strain curves Fig. with their pronounced inelastic portions 
were obtained steady strain rate which resultedin failure within the short 
time about min. Possibly the most spectacular evidence tothe effect that 
plastic inelastic action concrete not dependent creep presented 
some column tests.(25) different types were tested failure 
within less than min each, and their ultimate loads-compared with the basic 
formula for inelastic plastic column strength, 


The average ratio measured tocomputed ultimate load was 1.02, which indi- 
cates that inelastic action establishes itself completely, for strength purposes, 
within less time than the very short duration these tests. (The writer 
aware the theoretical difficulties clearly distinguishing betweencreep and 
plastic inelastic action high stresses. From practical design viewpoint 
would like draw the line between the duration short-time live loads 
ordinary structures, matter minutes, and either dead long-time live 
loads, matter months years.) 

The reverse question, which considerable practical consequence, 
this: view the internal stress redistribution caused creep, the 
strength reinforced concrete members structures under sustained load- 
ing less than that obtained the usual laboratory tests under relatively fast 
loading? this respect two types sustained loading must distinguished. 
(1) member structure carries, for long period, the full design load and 
then loaded failure reasonably rapid rate. This the case pri- 
mary practicalinterest for the normal structure whichis essentially used and 
loaded designed, but which may subject short-time catastrophic over- 
loads, such earthquakes, hurricanes, dropping loads, the like. (2) 
member structure carries near-ultimate loads indefinitely until these 
high, sustained loads cause collapse. actual structures this case would 
interest only when, design, long-time loads have been underestimated 
factor approaching 2,or when structure irresponsibly misused, such 
the use former office building for heavy warehousing. 

Test evidence shows(26) that columns subject sustained loads type 
above, develop the same strength columns the same age failed under 
short-time loading. regard the much severer sustained loading type 
tests indicate for concentric(27) and for eccentric(28) columns that the 
sustained-load strength rarely less than about 90% the short-time ca- 
pacity. regard beams, evidence not too ample. Those tests which have 
been made(29,30) seem indicate that for beams without and with compression 
reinforcement the long-time strength under the severer sustained loading 
type 2is indistinguishable from the strength identical members 
the same age. seems, therefore, that creep does not present signifi- 
cant problem reducing strength under sustained load and that, consequent- 
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ly, design can continue based the ample test evidence the short- 
time strength reinforced concrete members. 

That effect creep, therefore, which primary practical importance 
the long-continued increase deflection under constant, sustained load. 
These additional deflections can sizeable, particularly inshallow members, 
where they can amount two and more times the value the instantaneous 
deflections obtained when loads are first applied.(29,31) Present tendencies 
are toward the use shallower members, facilitated the introduction 
ultimate strength design and high-strength reinforcing steels. this con- 
nection becomes increasingly important develop design tools for prevent- 
ing long-time deflections from becoming excessive. appears that accurate 
methods for predicting long-time deflections have not yet been developed. For 
the time being, reasonable estimates can obtained the moment inertia 
the transformed cracked section used, using for the modulus elasticity 
the concrete one-third one-fourth the customary value for short-time 
loading. 

the opposite end the range time effects that the properties 
concrete very strain, that is, when loads increase very rapidly 
from low values their maximum when the structure subject impact. 
Such evidence exists(32) shows, fortunately, that crushing strength increas- 
significantly with increasing strain rates (up 80% the reported tests), 
that the stress-strain curve dynamic loading shows the same development 
inelastic range prior failure static loading, and that the energy 
absorption capacity high strain rates certainly not lower, and frequently 
considerably higher than under static conditions. seems follow from this 
that members are designed with full utilization the inelastic properties 
concrete (ultimate strength design), they will not fail under high strain rates 
loads which are lower than those calculated ultimate strength theory, 
even though the test evidence which this theory based was obtained 
relatively slow loading. 

Another time effect, whose investigation and too little attention 
has been paid recently, shrinkage. connection with the introduction 
higher strength steels and other new developments (limit design, etc.) much 
effort has been and being spent investigating cracking concrete 
caused tension stresses flexure, shear, and combinations thereof. 
happens that these stress cracks are almost the only will occur 
laboratory specimens the usual, unrestrained kind. the other hand, obser- 
vation existing structures shows, rule, that much more extensive and 
obnoxious cracking caused shrinkage than stress. addition crack- 
ing, shrinkage alsocan cause warping and deflectionof unsymmetrically rein- 
forced members (since shrinkage will resisted where steel located, such 
the tension side beams, but will proceed relatively unhindered the 
compression side unless compression reinforcement used). These 
mations can attain sizeable and objectionable proportions, particularly 
low members. Finally, sizeable internal tension forces due shrinkage can 
develop structures adequate provisions for relieving restraint (shrinkage 
joints which work) are not made. These stresses have been known add 
those caused loads manner which can result serious distress and 
even failure. 

Ultimate Strength Design and Limit Design.—Ultimate strength design 
now accepted procedure several parts the world and, since 1956, has 
been permissible alternate method the United States. The term has come 
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mean the utilization design the ultimate strength individual rein- 
forced concrete sections, distinct from the load capacity entire struc- 
tures composed members having such sections. This method based 
the more complete utilization the actual properties both steel and con- 
crete, contrast the idealized elastic behavior which the conventional 
straight-line theory based. Historically, ultimate strength design developed 
rather the inverse order, that is, phenomenologically. Tests reinforced 
concrete members (beams, columns, etc.) showed that they did not behave 
predicted straight-line theory. From this was evident that inelastic pro- 
perties, though not fully known, must influence strength decisively. Methods 
were which would reflect actual behavior structural 
members based primarily tests members and then rather crude 
working hypotheses regard inelastic materials properties. Only recently 
has considerable light been shed this basic materials performance, and re- 
finements are now being made ultimate strength design based this better 
understanding the fundamentals. 

addition the actual strength sections has been found that the in- 
elastic behavior both steel and concrete leads moments 
high loads indeterminate reinforced concrete structures manner ana- 
logous that utilized plastic design steel structures. The corresponding 
The differences between plastic design steel structures and the 
developing methods limit design reinforced concrete structures are large- 
consequence the different performance under load these two materi- 
als. Thus, the usable plastic rotation capacity rolled-steel shapes usually 
far exceeds that required for the development adequate plastic hinges 
(questions local buckling being beyond the scope this paper). reinforced 
concrete the moment-curvature relationship, beyond the limit action, 
non-linear, similarly steel. However, contrast hinges steel, 
undesirable consequences various kinds may accompany plastic rotations 
reinforced concrete unless adequate safeguards are provided. 

For members with low steel ratios such plastic rotation primarily caused 
yielding the reinforcement. This yielding, however, likely ac- 
companied large-scale tension cracking. such cracking occurs only 
high (near-ultimate) loads may harmless regard serviceability 
the structure. Yet, plastic rotation leads excessive cracking service 
loads (at slightly excess the design load) may thoroughly ob- 
jectionable. From this viewpoint deplorable that many valuable investi- 
gations moment redistribution little detailed been obtained, 
published, crack formation. 

the other hand, for members with medium and high steel ratios, plastic 
rotation necessarily accompanied relatively large concrete strains. 
what extent such large strains are admissible still matter some dispute, 
even far single loading failure concerned. Previously the possi- 
bility has been mentioned herein that part the inelastic strainof concrete 
high stress may caused irreversible microcracking. such micro- 
cracking develops plastic hinges, the question repeated applications 
near-ultimate loads assumes more importance regard structures designed 
limit-design procedures has structures whose moments and shears 
have elastic analysis. this might conceivably 
speak shake-down problem reinforced concrete structures differ- 
ent sense from that steel structures. the latter, shake-down implies the 
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consecutive application different load patterns, which case the structure 
may may not “shake-down” stable condition (in most cases does). 
reinforced concrete shake-down problem may exist not only for successive 
application different load patterns but even for repeated applications the 
same loading. 

These possibilities are mentioned not order cast doubt advance 
the possible advantages and merits limit They 
are discussed, merely, indicate that, view the greater complexity 
the pertinent materials, likely that limit design reinforced concrete 
will take different forms and will have surrounded with more elaborate 
safeguards than plastic design steel. 

Limit design, therefore, represents prime example the fact that thor- 
ough knowledge the performance materials under load, all its various 
aspects, the chief prerequisite for improving design methods. has been 
the aimof this broad review facilitate acquaintance with the present state 
our knowledge this field, that newly developing design methods can 
utilized with understanding and discretion. 
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GOLDEN GATE BRIDGE VIBRATION 


Closure George Vincent 


GEORGE ASCE.—The writer appreciates the closely rea- 
soned discussion Mr. Balog. concurs the view that very desir- 
able have wind observations several points bridge order corre- 
late the bridge behavior with the wind data. would further than this and 
include also measurements the vertical angularity the wind which has been 
found significant. Itis mistake, however, imply Mr. Balog appears 
have done, that the limitations described concerning Mr. Cone’s impromptu 
observations the bridge with means for making measurements corre- 
lating simultaneous observations apply also the recorded behavior the 
bridge and the wind velocity over the period years the tests. These lat- 
ter observations were rather complete motion the bridge and were 
correlated detail with the wind measurements the middle the bridge. 
the case the Golden Gate Bridge the wind does not vary excessively over 
the length the structure. did, the consistency and correlation shown 
Figs. and would not have occurred. 

Mr. Balog states that “the vibrations the Second Tacoma Bridge and more 
recently the Mackinac Straits Bridge have also been measured.” The writer 
not aware any such measurements. the case the Tacoma Bridge 
does know that inspection the structure during high wind soon after was 
built showed appreciable movements the structure although there was 
minor oscillation individual suspenders. the absence any evidence 
wind-excited oscillation administrative authorities are not justifiedin going 
the expense providing the necessary instruments for recording motions ade- 
quately. must borne mind that improvised observations made the 
spur the moment when storm occurs are completely inadequate, particu- 
larly view the fact that many such storms occur hours darkness. 
doubtful that any justification has been found for installing equipment for 
measuring motions the Mackinac Straits Bridge. 

The effect adding bottom laterals the Golden Gate Bridge was not in- 
cluded the research covered this report and for this reason, that feature 
was discussed only briefly footnote. However, the data which Mr. Balog 
has requested had been previously published. Vol. 150, No. Engineering 
News Record for Jan. 22, 1953, contains article page which gives the 
desired information concerning the new lateral systems. Briefly, the mini- 
mum member consisted four in. in. 7/16 in. laced 
box section. The change added 1400 lbs per lin the dead load the bridge. 


October, 1958, George Vincent. 


Chf., Bridge Research Branch, Bur. Rds., Dept. Commerce, Wash- 
ington, 
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The significant effect the addition the bottom lateral system was in- 
crease the frequency vibration the structure its symmetric and asym- 
metric torsional modes. had essentially effect upon any vertical oscilla- 
tion notedinthe concluding statement the footnote the original paper. 

Mr. Balog refers rather vaguely tothe indications experience concerning 
the desired rigidity suspension bridge and speaks drawing inferences 
concerning required torsional bridge rigidity, suspended structures from the 
observations this one bridge, the Golden Gate Bridge. The profession can 
better than this. The effect bottom laterals other structural elements 
upon the natural frequency oscillation the structure can computed. 
Section Model tests the particular structure—not some other bridge—will 
show the frequency necessary avoid oscillation wind ofa givenvelocity. 
should pointed out again that the frequency increases the square root 
the stiffness. 

The reference Bridge and other small structures not en- 
tirely applicable our thinking large bridges. readily possible in- 
crease both the vertical and torsional stiffness small structure means 
the stiffening elements. This possible much less degree the case 
large structures. 

The writers reasoning was misinterpreted was thought that implied 
that the primary obstacle the way building higher amplitudes the 
first asymmetric mode was the lifting action mid-span. This was analyzed 
attempt explainthe somewhat increased frequency the tor- 
sional mode compared the usual assumptions. Undoubt- 
edly this action contributes some damping, both through frictional and dy- 
namic effects described the paper. However, the principal factor, 
discussed item (1), was the fact that the higher velocities were too brief 


duration build the amplitudes which steady wind such velocity could 
have excited. 
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ELASTIC RESISTANCE REINFORCED CONCRETE 


The writers appreciate the views expressed the discussion Mr. Mavis. 
regretable that the title the paper not descriptive The 
paper originally prepared was entitled, “Static Resistance Reinforced 
Concrete Beams.” However, the word “Static” was unexplainably changed 
“Elastic” prior publication. 

The theory presented was compared with considerably more data than that 
indicated Fig. thru 13. Available data from the literature which loads 
and deflections were recorded ultimate failure, including the exhaustive in- 
vestigation reference the bibliography, were checked the theory pre- 
sented and found reasonable agreement. The theory was thus exposed 

severe test that the range the variables was very large. Only those 
tests conducted the Naval Civil Engineering Laboratory were included 
the paper order conserve space, since the results were typical the 
numerous comparisons made. 

The “algebraic” approach believed reasonable presenting any 
general theory. The general equations, such, admittedly rather 
complex. Solution the equations, however, very rapid when used con- 
junction with the curves Figs. and The “algebraic” equations were de- 
veloped for use recently completed study the behavior reinforced 
concrete beams subjected dynamic load. Ninety design charts have been 
prepared, which enable the rapid selection “optimum” beam for resist- 
ing given blast load. These charts will published the near future. 


Assoc. Prof. Civ. Engrg., Univ. Nebraska, Lincoln, Nebr. 


Structural Research Engr., Naval Civ. Engrg. Research and Evaluation Lab., 
Port Hueneme, Calif. 


Structural Research Engr., Naval Civ. Port Hueneme, 
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CORRELATION PREDICTED AND OBSERVED 
SUSPENSION BRIDGE 


Closure George Vincent 


GEORGE ASCE.—Mr. Farquharson’s review the trend 
design suspension bridges leading more and more flexible suspended 
structures includes the names four girder-stiffened bridges which were 
built the late 1930’s which culminated this trend. points out, they 
were designed for the static but not the dynamic effects the wind. 

the writers view that the designers these four bridges should not 
censured for following this trend and for neglecting dynamic effects. re- 
mained for the Tacoma Narrows Bridge Research reveal the mechanism 
whereby the Menai Straits Bridge was seriously damaged century earlier. 
Moreover, period yrs, during which successively larger and larger 
suspension bridges were built, elapsed between the last significant failure 
suspension bridge under wind action and the design and construction these 
four referred to. Designers and the profession large may pardoned for 
neglecting dynamic wind effects the face experience tending show that 
such difficulties were encountered only the smaller bridges and had 
been overcome modern practice. 

Mr. Farquharson does well point out that roadway slots are not uniform- 
beneficial and that details the form structure modify materially the 
effect the wind. variations which counsel the aerodynamic testing 
designs for proposed bridges any importance the present time, pending 
the accumulation body specific data the subject. 

The variation wind action given bridge, illustrated Mr. Far- 
quharson’s Fig. suggests why many bridges service are stable, that is, 
they have not encountered the wind conditions which could excite oscillation. 
degree, one may rely upon such variations the design proposed 
bridges but may not always wise presume such favorable action. 


February, 1959, George Vincent. 


Chf., Bridge Research Branch, Bur. Pub. Rds., U.S. Dept. Commerce, Wash- 
ington, 
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DESIGN TABLE FOR STEEL COLUMNS WITH ECCENTRIC 


Closure Richard Hugh Bigelow 


RICHARD HUGH A.M. ASCE.—To further compare Mr. Levy’s 
method and the writer’s method consider the problem below: 

Select the lightest 12-in. column section for buckling length with 
310 kip load acting the Y-Y axis in. from the X-X axis. 

Mr. Levy’s method 


193 


10.1 

Select column carry 310(1.654) 513 kips which corresponds 
Mr. Levy states further calculations are necessary unlessthe initial selec- 
tion and were appreciably The value for this section 
0.213 and does differ from the initial selection. However, smaller than 


the initial selection and would lead the designer conclude that his answer 
may conservative. 


515 


3.4 10.9 KSI 


This value greater than the initial selection and would contribute in- 
crease the equivalent concentric load. The designer this point would 


check the 161 and finding over-stressed would select the 190. 
The writer’s method: 


(equivalent) 310 (310 0.1172 528 kips 


The next larger value for the 12-in. series the 190. 

The above problem not typical. However, there are cases where the 
equivalent concentric load calculated Mr. Levy’s method will fail 
tween values the column tables and neither the corresponding sections 
will suffice. This will necessitate further calculations. With the writer’s 
method the larger section willalways suffice and occasionally the lighter sec- 
tion will suffice. will left the reader’s judgement which the 


May, 1959, Richard Bigelow. 
Ass’t. Prof., North Carolina State College, Raleigh, 
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above solutions most direct. lighter section would available the 
14-in series: 


(equivalent) 310 (310 0.1214 536 kips 
Select 142 


further compare Mr. Cunningham’s method and the writer’s method 
consider the problem below: 
Select the lightest 12-in. column section for buckling length with 
200-kip load acting the Y-Y axis in. from the X-X axis. 
Professor Cunningham’s method: 


trial. 
30x12 
The designer would probably try 120 with area 35.31 in. 
Repeating the calculation above for the 120 would find this section 
suffice. 


The author’s method 


(equivalent) 200 (200 0.1172 341 kips 


The next larger value for the in. series the 120. 

should noted that the trial section determined Mr. Cunning- 
method three sections lighter than the final selection. Using the 
AISC bending factors directly would only place the first trial one section away 
from the final selection. One reason Mr. Cunningham’s method may yield 
first trial several sections from the final selected section because his first 
trial calculation independent the buckling length. Again will left 

the reader’s judgement which the above solutions most direct. 
lighter section would available the in. series: 


Reference made the solution Mr. Chinn’s discussion for compari- 
son with the solution below: 
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DISCUSSION 


For full explanation the writer’s method the reader referred the 
original paper. 

has been the writer’s experience that due the infrequency encounter- 
ing bending about the Y-Y axis the compilation table for bending about this 
axis not warranted. However, designer were interested such table 


should calculate values making sure select the greatest value 


particular series for particular length. 
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ANALYSIS HAUNCHED OCTAGONAL GIRDER SPACE 
Closure Edward Tsui 


EDWARD ASCE.—In answer Mr. Pei’s first question, 
should noted that all expressions for the torsional constant (Eqs. 
well moment inertia considered this paper are assumed 
functions the overall dimensions rectangular section only. These 
are consistent with the Assumption which states that the material homo- 
geneous, isotropic, etc. Accordingly, the gross area the section was used 
compute the stiffness factors Ann), carry-over factors etc. 

the case reinforced concrete, whether not the effect reinforcement 
should taken into consideration calculating the influence coefficients 
really good question. Based the writer’s limited survey related litera- 
ture, very little work this nature has been published. The writer inclined 
ignore the effect steel those terms involving Cjj, Amn, 
when they are used solving the equilibrium equations obtain the 
stress distribution. assumed that the percentage reinforcement 
member the structure does not change too greatly. actual deformations 
(translations rotations) are desired, however, more reasonable results can 
obtained using the composite Iconcrete steel) while the linear 
relationship between the flexural rigidity and torsional rigidity still assumed 
function the overall dimensions the section, namely 


For example, ifonly the maximum vertical deflection the girder due static 
loads desired, the deflection coefficients(A13, 414, shown the Ap- 
pendix are still valid, except that the total moment inertia concrete and 
steel should used for apparent that not muchextra work involved 
carrying out this procedure. 

the other hand, should the composite torsional constant used simul- 
taneously, expected that this would lead complicated expressions for 
the influence coefficients which probably can not evaluated analytically. 

Mr. Pei correct his assumption that TablesI andII are limited sym- 
metrical haunched girders (as shown Fig. 4). 


The notation with respect the symbol has been missprinted and should 
written 


ratio Ax/a, Ay/a, Az/a, respectively 


Head, Applied Mechanics-Dynamics, Structures Dept., Lockheed Missiles and Space 
Div., Palo Alto, Calif. 
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BENDING MOMENTS SHELL BOUNDARIES4 


Discussion Gerard Galletly 


GERARD ASCE.—The writer appreciates that the au- 
thors’ main concern was not with symmetrically loaded shells revolution. 
However, believes that the readers would interested learning some 
recent work done this area. 

The writer has computed, using electronic digital computer, the stress 
and deformation (rotation and displacement) influence coefficients, over wide 
range geometric parameters, for the following rotational shells (Fig. 1): 


Toroidal shells. Both positive- and negative-Gaussian curvature shells 
have been treated. The edge deformation quantities resulting from this work 
have been published.2,3 set the interior stress and deformation influence 
coefficients, which were too voluminous publish paper, were denoted 
the ASCE library. 

Truncated ellipsoidal shells. The edge deformation quantities the 
large and small ends these shells may found.4 The writer has also ob- 
tained the relevant interior influence coefficients for these shells but has not 
published them yet. 

Truncated spherical shells. Both the stress and deformation influence 
coefficients, and near both ends truncated spherical shells, are available.5 


noted that the loadings considered for the three shells were uni- 
formly distributed edge moments and shears and uniform internal pressure. 

The writer would also like mention that, resuit Taylor’s 
the stress analysis both complete and truncated cones now relatively 
easy matter. 

The utility the above influence coefficients, together with some applica- 
tions, has recently been summary some recent asymptotic 
integration solutions, together with comparison results obtained digi- 
tal computer, may found.8 

also noted that the use the membrane solution particular 
integral the differential equations equilibrium does not always yield good 


Galletly, Engr., Shell Development Co., Emeryville, Calif. 

Galletly, D., ASME Paper No. 59-Pet-2. 

Galletly, D., ASME Paper 59-Pet-3. 

Galletly, D., Welding Research Council Bulletin No. 54, October, 1959. 

Galletly, ASME Paper No, 

Taylor, E., “Simplification the Analysis Stress Conical Shells” Univer- 
sity Urbana, 1958, unpublished. 

Galletly, D., ASME Paper No, 59-A-163. 


ay = 
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results. Two instances this, for toroidal shells subjected internal 
sure, are given.8, 

section their paper, the authors give some approximate rules for 
judging when the cylinder Geckeler approximation should give reasonable 


results when applied rotational shells. The writer would like com- 
ment these rules. 


First, does not understand their limitation not greater than 20°.” 
Reference 467 Timoshenko’s “Theory Plates and Shells” shows that 
should large rather than small. This also agrees with the Geckeler- 


Type Shell Range Parameters 
Open-Crown Hemisphere 


Positive-Curvature Toroid 


50°, 40°, 20°, 10° 


Negative-Curvature Toroid 


Open-Crown Ellipsoid 


75°, 60°, 45°, 30°, 15° 


a/b 


FIG, 


type solution obtained Horvay and his associates.10 The latter state that 
should lie between 7/4 and for their method give good results. For 
small angles, one can use Hetenyi’s method (see 473 Timoshenko’s 


“Theory Plates and Shells”) or, better still, the solutions terms Bessel 
functions. 


Galletly, and Radok, J.R.M., ASME Paper No. 59-APM-30. 
Galletly, D., Trans. ASME, Vol. 81, Series No. February, 1959, 51. 


Horvay G., Linkous and Born, J.S., Journal Applied Mechanics, March 1956, 
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DISCUSSION 


Assuming the authors’ formula for the penetration valid, the writer 
would now like illustrate that item their section (that is, “shell hug- 
ging tangent sphere the boundary region”) does not necessarily hold. Two 
shell-types will considered: (a) ellipsoid revolution (their Fig. 8a) 
and (b) toroidal shell negative Gaussian curvature (their Fig. 8b). 

For the ellipsoidal shell, will assumed that a/h 50. Then, 90°, 


2:1 ellipsoid 60.6 
3:1 ellipsoid 63.7 


The above values are actually for truncated ellipsoids with semi-opening 
angles 10°. However, the values will practically identical with those for 
complete ellipsoids, the edge effect localized. 

Using now the cylinder approximation, one has 9.1 
64.3 and with The agreement between the approximate and 
the accurate values thus quite good, which contrary the authors’ 
prediction. 

Considering the toroidal shell next, two cases with a/h will treated. 
For these, also. The geometric characteristics the two shells are: 

authors.) One additional parameter will included. This the 
which shown Fig. this discussion. 


Case (i) Case (ii) 
15° 77.5 66.1 
30° 92.2 66.2 
45° 140.1 66.3 


Employing the cylinder approximation, one has (for 0), 


Thus for case (ii), the cylinder approximation gives good results, irrespec- 
tive the angle This not the case for case (i), however. Reference 
the complete set influence coefficients mentioned earlier (donated the 
ASCE library) shows that the moment does not change sign for the case (i) 
shell, while the penetration for the case (ii) shell about 27°. This explains 
why the cylinder approximation not very the shell and shows 
that the moment penetration not simply function the general 
case. For small values however, case (ii) above) the authors’ 
formula for the moment penetration seems reasonable. 

With regard hyperbolic paraboloidal shells, the writer would men- 
tion additional reference approximate estimates edge bending effects. 
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This the work The latter author approximates 
the hyperbolic paraboloid small region atranslation surface with curva- 
tures then derives approximate formulae for the edge effects. 
states that the usefulness the formulas has been demonstrated experi- 
mentally his laboratory Delft. 


Vreedenburgh, Philips Technical Review, Vol. 20, No. 1958/59, 9-17. 
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CUT-OFF POINTS FOR COVER 


Corrections 


CORRECTIONS.—On page 24, please change item the following: 


allowable stresses cut-off point 
13.5 kips per square inch (Spec.) 

a= 30.5 -458 
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PROCEEDINGS PAPERS 


The technical papers published in the past year are identified by number below. Technical-division 
sponsorship is indicated by an abbreviation at the end of each Paper Number, the symbols referring to: Air 
Transport (AT), City Planning (CP), Construction (CO), Engineering Mechanics (EM), Highway (HW), Hy- 
draulics (HY), Irrigation and Drainage (IR), Pipeline (PL), Power (PO), Sanitary Engineering (SA), Soil 
Mechanics and Foundations (SM), Structural (ST), Surveying and Mapping (SU), and Waterways and Harbors 
(WW), divisions. Papers sponsored by the Department of Conditions of Practice are identified by the sym- 
bols (PP). For titles and order coupons, refer to the appropriate issue of “Civil Engineering.” Beginning 
with Volume 82 (January 1956) papers were published in Journals of the various Technical Divisions. To 
locate papers in the Journals, the symbols after the paper number are followed by a numeral designating 
the issue of a particular Journal in which the paper appeared, For example, Paper 2270 is identified as 


2270(ST9) which indicates that the paper is contained in the ninth issue of the Journal of the Structural 
Division during 1959. 


VOLUME (1959) 


FEBRUARY: 1933(HY2), 1934(HY2), 1935(HY2), 1938(ST2), 1939(ST2), 1940(ST2), 
1942(ST2), 1943(ST2), 1944(ST2), 1945(HY2), 1946(PO1), 1947(PO1), 1948(PO1), 


MARCH: 1961(HY3), 1962(HY3), 1964(IR1), 1967(SA2), 1968(SA2), 
1969(ST3), 1970(ST3), 1971(ST3), 1972(ST3), 1973(ST3), 1974(ST3), 1975(ST3), 1976(WW1), 
1979(WW1), 1980(WW1), 1981(WW1), 1982(WW1), 1983(WW1), 1984(SA2), 1986 
1988(ST3)°, 


APRIL: 1990(EM2), 1991(EM2), 1992(EM2), 1994(HY4), 1995(HY4), 1996(HY4), 1997(HY4), 1998 
(SM2), 1999(SM2), 2001(SM2), 2002(ST4), 2003(ST4), 2004(ST4), 2005(ST4), 2006(PO2), 2007 


MAY: 2014(AT2), 2015(AT2), 2016(AT2), 2018(HY5), 2020(HY5), 2021(HY5), 2022(HY5), 
2023(PL2), 2024(PL2), 2025(PL2), 2026(PP1), 2027(PP1), 2028(PP1), 2029(PP1), 2030(SA3), 2031(SA3), 
2032(SA3), 2033(SA3), 2035(ST5), 2038(PL2), 2039(PL2), 2040(AT2)°. 


JUNE: 2048(CP1), 2049(CP1), 2051(CP1), 2052(CP1), 2053(CP1), 2055(CP1), 2056 
(HY6), 2057(HY6), 2058(HY6), 2060(IR2), 2061(PO3), 2062(SM3), 2063(SM3), 2065 
(ST6), 2066(WW2), 2068(WW2), 2069(WW2), 2070(WW2), 2071(WW2), 


JULY: 2080(HY7), 2081(HY7), 2085(HY7), 2086(SA4), 2087 
(SA4), 2088(SA4), 2089(SA4), 2090(SA4), 2092(EM3), 2096 
2124(AT3), 2125(ATS). 


AUGUST: 2128(HY8), 2130(PO4), 2131(PO4), 2132(PO4), 


2186(ST7)°, 2187(PP2), 2188(PP2). 


OCTOBER: 2190(AT4), 2191(AT4), 2192(AT4), 2193(AT4), 2194(EM4), 2196(EM4), 
2197(EM4), 2198(EM4), 2199(EM4), 2200(HY10), 2201(HY10), 2202(HY10), 2203(PL3), 2204(PL3), 2205 
(PL3), 2206(PO5), 2207( 2210(SM5), 2213(SM5), 2214 
(SM5), 2215(SM5), 2218(ST8), 2219(ST8), 2223 

PL3). 

(SA6), 2250(SA6), 2251(SA6), 2252(SA6), 2253(SA6), 2254(SA6), 2255(SA6), 2256(ST9), 
2258(ST9), 2259(ST9), 2260(HY11), 2262(ST9), 2263(HY11), 2264(ST9), 2265(HY11), 2266(SA6), 
2267(SA6), 2268(SA6), 2270(ST9). 

DECEMBER: 2272(CP2), 2273(HW4), 2274(HW4), 2275(HW4), 2276(HW4), 2277(HW4), 2278 
(HW4), 2279(HW4), 2280(HW4), 2281(IR4), 2283(IR4), 2285(PO6), 2287 
(PO6), 2290(PO6), 2291(PO6), 2292(SM6), 2293(SM6), 2294(SM6), 2295(SM6), 2296 
(SM6), 2297(WW4), 2298(WW4), 2299(WW4), 2300(WW4), 2301(WW4), 2302(WW4), 2303(WW4), 2304(HW4), 
2314(ST10), 2315(HY12), 2316(HY12), 2317(HY12), 2318(WW4), 2321(ST10), 2322 


VOLUME (1960) 


JANUARY: 2331(EM1), 2332(EM1), 2333(EM1), 2334(EM1), 2335(HY1), 2336(HY1), 2337(EM1), 2338(EM1), 
2330(HY1), 2340(HY1), 2341(SA1), 2342(EM1), 2343(SA1), 2344(ST1), 2345(ST1), 2346(ST1), 2347(ST1), 
2348(EM1)°, 2349(HY1)©, 2350(ST1), 2351(ST1), 2352(SA1)©, 2353(ST1)°, 2354(ST1). 

FEBRUARY: 2355(COl), 2356(CO1), 2357(COl1), 2358(CO1), 2359(CO1), 2360(CO1), 2361(PO1), 2362(HY2), 
2363(ST2), 2364(HY2), 2365(SU1), 2366(HY2), 2367(SU1), 2368(SM1), 2369(HY2), 2370(SU1), 2371(HY2), 
2372(PO1), 2373(SM1), 2374(HY2), 2375(PO1), 2376(HY2), 2377(CO1)©, 2378(SU1), 2379(SU1), 2380(SU1), 
2381(HY2)©, 2382(ST2), 2383(SU1), 2384(ST2), 2385(SU1)°, 2386(SU1), 2387(SU1), 2388(SU1), 2389(SM1), 

2390(ST2)°, 2391(SM1)©, 2392(PO1)°. 

c. Discussion of several papers, grouped by divisions. 
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STRUCTURAL DIVISION 


Proceedings the American Society Civil Engineers 


NEWS 
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ASCE Convention, New Orleans 
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Committee Electronic Computation 
Column Research Council 


Structural Division Newsletter 


ASCE CONVENTION, NEW ORLEANS, MARCH 6-11, 1960 


The Structural Division program forthe New Orleans ASCE Convention will 
have its theme the subject Prestressed Concrete” and will co- 
sponsored the American Concrete Institute and the Prestressed Concrete 
Institute. 

Dornblatt, Structural Division Session Program Chairman, and those 
who assisted him have excellent program which deserves our sup- 
port. The program will cover the field Experimental Research, Buildings 
and Structures, Bridges, Construction and recent developments Prestressed 
Concrete. The complete program for the Convention appears CIVIL ENGI- 
NEERING. 

addition the main theme, two joint sessions have been arranged. The 
first with the Construction Divisionon Wednesday afternoon, covering both pre- 
stressed concrete and other unusual bridge construction projects, such the 
Champlain Bridge, Montreal, the Oneida Lake Bridge, and the construction, 
design and economics cast-in-place post tensioned concrete bridges over 
100-ft. span. 

Thursday afternoon, the second joint session will held. This will 
with the Power Division, and consists seriesof papers tower design and 
construction. 

The Structural Division program starts with the morning session Tuesday, 
March and concludes Friday morning, March 11. During this period four 


Note.—No. 1960-3 part the copyrighted Journal the Structural Division, Pro- 
ceedings the American Society Civil Engineers, Vol. 86, February, 1960. 


Copyright 1960 the American Society Civil Engineers. 
1960-3--1 


DIVISION ACTIVITIES 
4 


1960-3--2 February, 1960 


sessions are devoted exclusively some twelve the subject Pre- 
stressed Concrete. Such topics are discussed the use prestressed con- 
crete dam construction, railroad ties, girders, cylindrical shell roof struc- 
tures, piling and bridges. The question long time creep, shear tests 
beams with web reinforcing, fire resistance and the laboratory test two- 
span continuous precast prestressed bridge are investigated. 

Among the authors participating the program are Philip Grennan, 
John Skilling, Lin and Talbot, Dr. Hernandez, Hubert Woods, 
Alan Mattock, (Bill) Dean, Dubois, Eric Molke, Morris Shupack, 
Wayne Henneberger, Dave Henderson, Parme, Zienkiewicz and 


Magee. With this array talentan interesting, informative and lively meeting 
anticipated. 


EXECUTIVE COMMITTEE 


The Executive Committee the Structural Division for the year beginning 
October 1959 and ending October 1960 consists the following members: 
Robert Dewell, Chairman; Emerson Ruble, Vice-Chairman; George 
Vincent; Nathan Whitman, Jr. and Charles Looney, Secretary. Elmer 
Timby, last year’s Vice-Chairman the Executive Committee, has been 
elected the Board Direction, ASCE. has been appointed contact mem- 
ber the Board Direction the Structural Division. 

three-day meeting the Executive Committee was held Washington, 
during the October ASCE Convention. Some the highlights that meet- 
ing were follows: 

The work the Task Committee Bridge Loadings was reviewed. was 
decided that this task committee proceed with review existing design speci- 
fications with view simplifying the bridge loadings now use. 

The Executive Committee recommended the formation joint committee, 
consisting the three Administrative Chairmen the Committees Wood, 
Metals and Masonry, study and make recommendations concerning the use 
chemical resins bonding agents for structural joints. 

The work the Task Committee Factors Safety was discussed. This 
task committee has been active for number years and encountering diffi- 
culty writing final report. There considerable difference viewpoints 
between members this committee. was felt that study this subject 
should continued and related fieldof ultimate strength design methods. 

interest tocommittee chairmen the new policy regards approval 
new committee appointments. The chairman the Administrative Committee 
notifies the contact member for the Executive Committee the proposed new 
member and inturn notifies the other members the Executive Committee. 
the contact member receives word from the members the Executive 
Committee days, assumed that the new member approved and 
the contact member notifies the Chairmanof the Administrative Committee. 

Frank Baron discussed the desirability establishing permanent working 
committees the IABSE (International Association for Bridge and Structural 
Engineering) Europe cooperate with parallel committees the Structur- 
Division the ASCE. The Executive Committee agreed the desirability 


this arrangement. The IABSE member the American branch 
look into this matter. 
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ASCE Structural Division 1960-3--3 


There has been some criticism the long delay the Committee Publi- 
cations reviewing papers. The records show that there are some papers 
the process review. The Executive Committee studying this complex 
problem with the hope that simpler and faster means getting paper re- 
viewed will result. 

The Executive Committee also heard the activities the follow- 
ing committees: Masonry and Reinforced Concrete, Loads and Stresses, Metals, 
Buildings and Nuclear Structures. considerable amount time was devoted 
discussion the Structural Division programs for this year’s ASCE con- 
ventions. The location, date, theme and sessions program chairman for these 
meetings are follows: 


New Orleans March 6-11 Prestressed Concrete Dornblatt 
Reno June 19-24 Loads and Stresses Stewart Mitchell 
Boston Oct. 9-14 Basic Research Saul Namyet 


COMMITTEE ELECTRONIC COMPUTATION 


The Committee Electronic Computation the Structural very 
pleased with the enthusiastic response the invitation for papers pre- 
sented the Second Structural Division Conference Electronic Compu- 
tation. previously announced, the conference held September 
and 1960 the Pittsburgh Hilton Hotel, and the Pittsburgh Section ASCE 
will serve host. 

Approximately seventy-five abstracts have been received, and these cover 
the fields structural design and analysis; mathematical methods; and prob- 
lems organizations, education, program exchange, etc. anticipated that 
twenty-five thirty papers will selected for the conference. review 
committee has been formed and has already met over the abstracts. Final 
selections will not made until after the submission the complete manu- 
scripts which are due April 15. 

The Pittsburgh Section progressing very effectively planning for their 
functions host. They have set the following committees: Hotel Arrange- 
ments, Registration and Information, Entertainment, Finance, Publicity, Re- 
ception, and Student Activities. The complete facilities the ballrooms the 
Pittsburgh Hilton have Because the size floor space avail- 
able, all wellas luncheons will held the same floor. 

The Committee Electronic Computationis looking forward asuccess- 
ful conference, and anticipating attendance over five hundred engineers. 


COLUMN RESEARCH COUNCIL 


The Column Research Council held meeting the Board the AISC 
New York City December 10, 1959. The purpose the meeting was 
make final editorial changes and arrange for the printing the “Guide 
Design Criteria for Metal Compression Members.” This Guide will spe- 
cial interest structural engineers. Details how obtain this guide will 


appear future issue the Newsletter. The following excerpt from the 
foreword the Guide: 
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1960-3--4 February, 1960 


“The results Column Research Councilprojects taken together with 
the results many other investigations the buckling strength com- 
pression elements brought about situation which there vast 
amount research not applied practice the de- 
signer columns compression elements. Column Research Council 
has its goal the development practical design procedures that are 
simple possible and yet consistent with accurate and safe predic- 
tions structural strength. keeping with this goal there came into 
being the idea preparing this general ‘guide’, the initial outlines 
which were formulated 1956.” 

“An adopted policy Column Research Council has been the avoid- 
ance any attempt supplant existing specifications. The goal 
serve all specifications offering guidance toward improvement re- 
vision. effort made the Guide present both ‘complex’ and 
‘simple’ procedures design calculation and assess the limitations 
the latter. left the specification writers choose the proce- 
dures that are deemed preferable.” 
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STRUCTURAL DIVISION JOURNAL 


The next issue the Structural Division Newsletter will published 
May. Material for this issue must reach the editor before the end March. 
Committee Chairmen are requested send the editor news items and 
minutes any task committee meetings. 


Gerard Fox, Newsletter Editor 
Howard, Needles, Tammen Bergendoff 
Church Street 

New York New York 
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